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Abstract 
Wetlands are becoming increasingly recognised as important ecosystem units within the 
wider landscape. They provide a number of valuable ecological, biogeochemical and 
hydrological functions, including biodiversity support, groundwater discharge, recharge and 
amelioration, and natural flood defence. Despite legislation however, wetlands are still 
threatened on a global scale, and continue to be lost to agricUlture, urbanisation, and 
pollution, both directly and indirectly. 
Numerous studies of wetland ecosystems have highlighted predictive relationships between 
vegetation assemblages and underlying hydrology. More recently, predictive relationships 
have been formalised between traits of wetland vegetation (collective vegetation variables, 
and traits of the dominant populations) and underlying hydrology. In allied research, 
consistent functional trait groupings of wetland vegetation have also been defined over broad 
geographical regions in Europe. 
During a three year field study (1997-2000) vegetation assemblages, collective vegetation 
variables, traits of dominant populations and hydrological and hydrochemical variables were 
repeat-sampled within seven wetland sites across Scotland and northern England. These 
ranged from the Insh Marshes, Inverness-shire in the north, to Tarn Moss, Cumbria at the 
southern extreme. Sampling was conducted at a total of fifty-six permanent sample stations 
located along a total of eleven transects. Vegetation groupings were defined using 
multivariate analyses, and were classified as various fen, mire, and swamp NVC community 
types. The various groups were characterised by the values for the range of variables 
measured, and significant differences were seen between a number of these variables for 
different groupings. In addition, certain separate groupings with the same community 
classifications were also seen to have significant variations between them in terms of trophic 
status, and canopy height and biomass values. 
Collective vegetation variables and dominant population trait values were successfully 
predicted from physical and chemical variables measured within the groundwater and 
substrate during 1999. A number of specific models incorporating relatively large numbers 
of predictor variables were proposed alongside more general models incorporating fewer 
predictor variables. The greatest predictive power was R2 = 0.67 (p<O.OO 1) for a model 
predicting stem density (m-\ Conversely, vegetation variables proved useful for predicting 
characteristics of the groundwater environment, for which specific and general models were 
again proposed. In this instance, the greatest predictive power was R2 = 0.79 (p<0.00 I) for a 
model predicting minimum water table level (i.e. maximum level of drawdown). 
The models were tested using data collected during 2000 from repeat sites and independent 
sites. Whilst some of the variables were predicted within noisy limits, predicted values 
generally corresponded well to observed values. 
Further models were constructed using the same measures of groundwater and substrate 
variables to predict the proportion of life forms and life history types per sample (and also of 
groundwater and substrate variable values from proportions of life form and life history 
types). The predictive power of the models produced was generally lower than for those 
produced using directly measured traits, but the approach was considered worthy of further 
investigation. 
In addition to the field study, experiments were conducted USing Agrostis stoloni/era, 
Deschampsia cespitosa and Phalaris arundinacea (as test species with contrasting 
established phase strategies); competition and water level variation treatments were imposed. 
The main findings were that significant growth responses were seen in both Agrostis and 
Deschampsia in relation to increasing inundation, and that the strong competitive advantage 
of Agrostis over Deschampsia at a water level treatment of 7cm below soil surface level, was 
greatly reduced (almost completely so) at a water level treatment of7cm above soilleve\. 
In Deschampsia and Phalaris a number of growth responses were seen to differ between 
individuals for various water level fluctuation treatments. Rhizome production, plant height 
and reproductive structure weight and number were some of the variables significantly 
reduced by treatments equating to the highest levels of stress. 
It was concluded that the study represented a stage of progression in the application of trait-
based assessments to the understanding of wetland ecology. Such approaches may be 
successfully applied as eco-hydrological tools, but there is an obvious need to complement a 
trait-based with a phytosociological approach if wetland management is to be best informed. 
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Chapter 1: General introduction 
1.1. Wetland ecosystems 
Aquatic and swamp plant associations represent natural vegetation assemblages which form 
dynamic systems within the hydroseral succession from open water to dry land (Rieley and 
Page, 1990). The habitats supporting these plant communities are often characterised by flat 
terrain, rich alluvial soils, and plentiful water (Finlayson and Moser, 1991). By virtue of 
these characteristics, and of their position within the landscape, the relationship between 
wetlands and man is one with a substantial history. The value of wetlands in the provision of 
food and other tangible products such as building materials has long been recognised 
(Finlayson and Moser, 1991). Indeed, a range of archaeological evidence shows that a 
number of early settlements were founded in intimate association with water and wetland areas 
(e.g. Maltby, 1991; Coles and Coles, 1992; Bernick, 1998) and took advantage of the benefits 
associated with these areas. 
Within more recent history wetlands have often been reviled as worthless and disease-ridden 
places (e.g. Maltby, 1986; Giblett, 1996), better subject to 'improvement' through drainage 
and conversion. Partly this reflected a desire to use wetlands for agricultural production (e.g. 
Gibbons, 1993), or to eradicate diseases such as malaria, still present within the fen areas of 
eastern England and northern Europe in the nineteenth century (Maltby, 1986). With the 
advent of the Ramsar Convention (Ramsar, Iran, 1971) for example, which aimed to foster 
international co-operation for the conservation of wetlands (see Maltby, 1991), it was hoped 
that decisions and attitudes concerning wetlands will become more enlightened. However, 
politically, contention still exists regarding the exact definition(s) of what a wetland is (Denny. 
1985). 
1.1.1. Freshwater wetlands 
Globally, four main types of wetland are recognised (Etherington. 1983): 
• freshwater wetlands 
• agricultural H'ctlands 
• maritime saline ,i'etland,\', 
• inland saline H'etlands 
Within these umbrella classifications exist a myriad of types from tropical through to 
temperate and arctic regions, including lake littoral zones, floodplains, mangroves, shallow 
open waters and marshes (Gopal et ai., 2000). Of these, freshwater wetland ecosystems cover 
an estimated 8,558,000 km2 (Williams, 1990), which approximates to 6% of the earth's land 
surface (Maltby, 1986). A general international nomenclature for wetlands has been proposed 
by Gore (1983) (Table 1.1.1). 
Wetlands have been classified on the basis of numerous attributes, including shape, chemical 
properties of peat, floristic composition, and structure of the vegetation, although a majority 
of these classifications have focused upon vegetation types (Ross, 1995). Such classifications 
have aided in the appreciation of fine-scale differences within, and between wetlands (e.g. 
Tansley, 1939; McVean and Ratcliffe, 1962; Daniels, 1978). 
The Ramsar Convention on Wetlands of International Importance (1971) proposed a generally 
broad classification of wetlands as "areas of marsh, fen, peat land or water whether natural or 
artificial, permanent or temporary, with water that is static or flowing, fresh, brackish salt, 
inundating areas of marine water the depth at which low tide does not exceed six meters" 
(UNESCO, 1971). Through the Ramsar Convention, which was implemented in 1975, 
wetlands are an ecosystem type targeted for special international protection (H ills, 1994). 
Many of the waters contained within small lowland catchments in Europe are located in 
Special Areas of Conservation (SACs), and/or Special Protection Areas (SPAs). While the 
spirit of the Ramsar Convention has not been well served by a number of signatory states, 
where site designation has been slow (Gerakis and Kiriaki, 1998), Navid (1988) considers 
Ramsar as "an important conservation tool". 
A number of other classifications have been proposed for wetlands, all of which are somewhat 
narrower than the all-embracing Ramsar definition, and which generally pertain to wetlands as 
land-water hydroseral ecotones (H ills, 1994). Wheeler (1999) argues that while there are 
valid reasons for broad classifications, in reality the hydrological processes of open waters. 
and those of 'wet land' transitional zones, are essentially different. Therefore, the term 
'wetland' in the context of this study will follow the classification outlined by Wheeler (1999) 
(see Figure 1.1.1). This is based on the premise that the character of wetlands is strongl: 
controlled by magnitude and duration of water table fluctuation, and that this factor is 
strongly reflected within their plant ecolo!:,ry (Wheeler, 1999). Within this classification nf 
wetlands three main types are recognised: permanent wellands, seasonal H'e//unds, and 
fluctuating wetlands. However, Wheeler (1999) points out that these broad types are 
intergrading. At the community level, this grading between types and the related problems of 
classifying some associations is recognised by Rodwell (1995). Within the specific names 
given to freshwater ecosystem types (Figure 1.1.1), some variety exists. For example the term 
fen generally applies to areas with impeded drainage, often peat forming, but not exclusively 
so (Wheeler, 1999). 
1.1.2. Wetland characteristics 
The main characteristic underlying all wetland systems is that they are wet. As such, one of 
the primary drivers of the ecological processes which go on in wetlands is the underlying 
water regime (Etherington, 1983; Wheeler, 1999). The blanket term 'wetland' (in this 
context, freshwater) therefore lends itself to all those areas of land which are generally 
saturated, and which exist in the zone between fully aquatic and terrestrial ecosystems. 
Wheeler (1999), however, points out that the word 'wetland' is used widely, but not 
consistently. The presence of a water table at or around ground level, and the related physical 
and chemical properties (e.g. inundation, drawdown, reducing soils) are widely acknowledged 
determinants of species composition and community structure in wetlands (for example, see 
Goslee et ai., 1997; Wheeler, 1999). The inseparable link between groundwater-related 
factors such as pH and water level, and characteristics of peatland vegetation have been noted 
by Jeglum (1971), who successfully predicted water level and pH classifications of plant 
groups from trial studies within North American peatlands. Ellenberg (1974) also proposed a 
range of indicator values for plant species in continental Europe, including a soil 
moisture/water level requirement value termed' F'; the system has been successfully applied to 
British species (Mountford and Chapman, 1993). Variations in vegetation assemblage for 
certain wetland types (e.g. tall-herb fens) have long been the subject of phytosociological 
study and interpretation (Rodwell, 1995). More recently studies have begun to interpret 
structural and functional aspects of vegetation in relation to groundwater dynamics (e.g. Hills. 
1994; Hills et al., 1994: Murphy et ai., 1994; Willby et al., 1997). However. while variation 
in representative communities has been shown to exist within and between wetlands. 
Etherington (1983) has noted that a greater degree of similarity exists between vegetation 
types of wetland ecosystems, than within fully terrestrial systems. due to the more constricted 
nature of underlying environmental gradients. 
Wetlands are among the most productive ecosystems on earth (Holland f{ (Ii.. 1990). 
Estimates of primary productivity in marsh and swamp ecosystems run from 125 g m': ~ (I in 
, 
-' 
Molinia caerulea in Swedish systems, to 2500 g m-2 y(1 in Phragmites australis dominated 
systems in northern Britain (Gore, 1983). In addition, below-ground standing crop has been 
estimated at up to 4418 g m-2 within Czechoslovakian Phragmites dominated vegetation 
(Gore, 1983). 
Table 1.1.1 International terminology used in the naming and description of wetlands (adapted 
from Gore, 1983). *Apart from in North American usage, the term is used to include both 
M ires and Marshes. 
General Term 
Mire 
Swamp*/ Marsh 
Wetland Types Included 
- Bog. 
- Fen, Carr. 
Less specific words 
apparent in popular usage. 
Environmental Conditions 
Ombrotrophic nutrient supply (atmospheric 
deposition only). 
Minerotrophic water supply (from soils, 
rocks, sometimes lakes, rivers). May be 
eutrophic, mesotrophic or oligotrophic. 
Implies eutrophic conditions; Marsh often 
confined to wetlands with more or less 
mineral soils. 
Table 1.1.2 River marginal wetland functions (from Maltby et af., 1993). 
Type of Function Importance 
Hydrological (Water Quantity) - Flood water control 
- Groundwater recharge 
- Groundwater discharge 
- surface water generation 
Biogeochemical (Water Quality) - Nutrient removal 
- Nutrient retention 
- Sediment retention 
- Peat accumulation 
Ecological (habitat) - Ecosystem maintenance 
- Food web support 
'../1 
l 
Shallow open wa~r ecosystems 
AQUATIC WETLANDS 
1 
± stable rgetation 
Permanent Wetlands ('mires ') 
+ 
Not inundated, or only for 
fart ofyea~ 
OmtrolrO!iC 
Bog 
MinlOiroPhiC 
Fen 
WETLANDS ~ 
Wet terrestr-tl ecosystems 
TELMA TIC [ETLANDS 
ephemeral werOd vegetation 
Seasonal Wet lands 
[Telmatic phase] 
1 
Marsh 
Figure t. t. t wet land types in relation to groundwater characteristics (adapted from Wheeler, 1999). 
1 
vegetation fluctuating over 
long periods 
• Fluctuating Wetlands vegetation 
[Telmatic phase] 
1 
Marsh 
All wetlands are underpinned by water, but the specific inputs and balances of water into 
wetlands vary. The flood pulse concept proposed by Junk et al. (1989) suggests that low 
levels of riverine inundation equates to low levels of physical stress (Grime, 1979b; Dickinson 
and Murphy, 1998), with low inputs of nutrients, sediment, or allochthonous seed material, 
thereby allowing domination by competitive species. Vegetation assemblages are controlled in 
such cases by site-specific hydrological variation. Intermediate levels of inundation lead to an 
increased input of seed and nutrient sources, and in combination with intermediate levels of 
stress more diverse species assemblages are favoured. High levels of inundation allow little 
opportunity for deposition of allochthonous loads, or suspended silt and mineral nutrients. In 
addition, species without considerable stress-tolerant components within their survival 
strategies (Grime, 1979a; Grime et al., 1988), are unable to establish within regularly flushed, 
high-stress environments, leading to domination by a few species. Recent germination studies 
of deposited propagule banks along disturbance gradients in riverine floodplain habitats 
(Abernethy and Willby. 1999) have shown a greater number of wetland generalist species to 
be characteristic of areas with intermediate levels of disturbance. While species richness was 
higher overall in terms of those represented in the propagule bank in the most disturbed 
habitats, the number of hydrophyte species was lower. 
1.1.3. The values and functions of wetlands 
The value of wetlands as distinct ecological units within their wider catchment is now 
becoming increasingly recognised (Ramsar Convention Bureau. 1990), as are a number of the 
specific functions they perform (see Table 1.1.2). They are essential to the survival of many 
plant species, migratory birds and other animals (e.g. Etherington, 1983; Pickess, 1989: 
Greenwood et af .. 1995). They also mediate and provide wider catchment functions; for 
example. sediment accretion and water mediation (Hey et of., 1991). Mitsch (1994) regards 
floodplain wetlands as the "kidneys" of the catchment, through their role in water purification. 
Within a number of Greek Ramsar sites Gerakis and Kiriaki (1998) consider the main 
functions of these wetlands to be nutrient removal, sediment retention, flood alteration and 
groundwater discharge. The primary values are considered to be biodiversity support. fishing. 
hunting and recreation. 
In terms of biodiversity support afforded by wetlands. Britain is regarded as internationally 
important for over-wintering and nesting waterfowl, due to the presence of extensiw areas of 
wetland (including estuaries in this context) (CrallS\\ick el (1/ .. 1997). Specific habitats such 
as wet grasslands are also recognised for their importancl' to feeding and nesting birds 
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(Tickner and Evans, 1991). However, Gopal and Junk (2000) point out that globally. 
waterfowl species richness readily attracts attention, but other biota, such as occurs in the 
varzea wetlands of the Amazon basin are much less studied, or understood. The River Parana 
in Brazil is one of the largest, yet most regulated rivers in the world. Even so, studies within 
various areas of the last remaining unregulated stretches, and of the associated varzea 
wetlands have uncovered high levels of diversity for a range of organisms (Agostinho et al., 
2000; Murphy et al., 2001) (Table 1.1.3). As a function of the biodiversity support inherent 
within wetland ecosystems, a number of values are provided which are of direct benefit to 
man. These include the provision of spawning grounds for a range of fish species within both 
coastal and freshwater wetlands, which in turn provides benefits for commercial fisheries on a 
global scale (Maltby, 1986). 
1.1.4. Threats to wetland functioning 
Many wetlands are now afforded relatively high levels of protection, for example, as sites of 
international importance within the Ramsar Convention (RAMSAR Convention Bureau, 
1990); via inclusion by the Natura 2000 network of the European Union' (see Gerakis and 
Kiriaki (1998), for example); or more locally (in a UK context) as SACs, SSSls and local 
nature reserves (e.g. 2,3). However, it is still evident that wetlands are amongst the habitats 
which are most vulnerable to disruption by human interference, both intentional and accidental 
(Etherington, 1983). 
For example, in Australia, Boon and Brock (1994) indicate that only a very small proportion 
of scientific research specific to inland wetlands is disseminated to the appropriate audiences 
via journal publication. This situation is highly likely to be replicated globally; meaning that 
the application of informed management through appropriate knowledge may not be applied to 
its full potential in the context of protecting, or restoring, wetland habitats and their biota. 
The intimate relationship between wetlands and their wider catchment is highlighted by a 
number of studies detailing the practices which threaten them. Examples include pressure 
from agriculture (Lemly, 1994), drainage (Haslam, 1973; Sheil and Wells, 1983). and flood 
control management (Washitani et al., 1997). Grazing pressure from introduced exotic 
, Directive on the Conservation of Wild Birds (79/409/EEC) 
2 Glasgow District Council (1985) I/'oodend Loch Sill' otSpL'cia! Scienlitic Ill/eresl, /lolitlcalion: 
Stra/hc!rdl' regio/l 
3 G1asgO\~ District Council (1985) lI'oodelld Loch Site ot5"j1l'cia! ,,,'ciell/itlc Interest, lIoli/,ca/wf/ 
Strathcll'tie regioll 
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species such as coypu (Myocaster coypus Molina) was linked to reedbed losses in the Norfolk 
Broads during population peaks in the 1950's and 1960's (Boorman and FulIer. 1981). A 
review by Gerakis and Kiriaki (1998) states that approximately two thirds of the wetland area 
of Spain, France, Italy and Greece had been drained during the last two generations. with an 
estimated 28,500 km2 of wetlands now remaining in the Mediterranean basin. Within Greece. 
it was considered that irrigation represented the most negative influential factor upon the 
functions and values of a number of Ramsar sites, followed by cropland expansion and 
overgrazing. Other forms of anthropogenic impacts, whether direct or indirect, represent 
threats to wetlands. For example, the gross heavy metal polIution from mine waste of the 
World Heritage Site Guadalquivir Marshes near SevilIe, in southern Spain, in April 1998 
(Osborn et al., 1999), formed a significant threat to that ecosystem. In Ireland, road building 
as a result of economic development currently poses a threat to the hydrology of some of the 
most extensive (yet protected by legislation) calcium-rich fen habitats in western Europe 
(Mills, 2001). 
Water level changes resulting from dam construction or groundwater abstraction for drinking 
water, and drainage for agriculture, represent threats to formerly stable wetland systems 
(Heathwaite, 1995). Such changes can shift the overalI range of fluctuation within a wetland 
beyond those that can be tolerated by the representative species. In such a situation 
competition and invasion may come from species more suited to the new conditions (Newbold 
and Mountford, 1997). thereby altering species assemblages. In addition to potential changes 
in plant communities following hydrological change, Greenwood et al. (1995) observed a 
reduction in the species richness of spider communities of the River Trent floodplain in the 
UK in relation to river channel management and related floodplain drying. As potential 
impacts of hydrological change upon wetland plant communities, and the wider \\etland 
ecosystem have been recognised (e.g. Cadbury, 1976; Burgess, 1991; Murphy and Hudson. 
1991; Wheeler and Shaw. 1992; Murphy. 1994; Murphy, 1995; Moustafa ef al., 1998). so 
also has been recognised the need to be able to predict the impacts of such changes on wetland 
vegetation (Keddy, 1992a; Gowing et al .. 1998). 
1.1.5. The wetland environment 
Waterlogging and/or flooding may be relatively permanent (marshes and bogs), seasonal 
(floodplain wetlands and fens), or short term. within a range of l'cosystel1l~ folkm ing hea\! 
rainfall (Ernst, 1990). Davy ef al. (J 990) however, point out that "it \\ould be facile to regard 
flooding as a single selection pressure [stressJ on plants": the effect of waterlogging \\ill 
depend on duration, intensity and frequency of flooding, and timing in relation to critical 
growth stages, and will have a set of effects on the soil environment (Hills, 1994). With 
regard to the plant life present, the main ecological characteristic of waterlogging is the 
reduced availability of oxygen to the roots, where oxygen diffuses 10 000 times more slowly 
in water than in air (Greenwood, 1961). In well-drained soils gas exchange by diffusion 
between the atmosphere and oxygen-consuming organisms is largely unlimited. However, 
upon flooding a majority of the soil pores are filled with water and gaseous diffusion is greatly 
reduced. Aerobic soil organisms will deplete the oxygen present, producing a steep oxygen 
gradient. with oxidised soils for the few surface millimetres only, if at all. Oxygen becomes 
limited in the lower layers, and aerobic microbial processes will be replaced by anaerobic 
processes (Laanbroek, 1990). Due to the low diffusion rate of oxygen in water, following the 
onset of flooding, soil oxygen will generally be utilised within one day (Ernst, 1990), or 
potentially, within a few hours (Ponnamperuma et ai., 1966). Redox (oxidisation-reduction) 
potential (measured in millivolts; mY) is a quantitative measure of the intensity of the 
reduction of soils (Ponnamperuma et ai., 1966). Following flooding, redox potential will 
decrease, resulting in hypoxic (anaerobic) conditions (Davy ef al., 1990). A fall in soil 
oxygen concentration will result in complex changes in a number of soil chemicals, and a 
redistribution of them between relative soil reservoirs (Iu et al., 1982). Facultative anaerobes, 
followed by strict anaerobes will utilise oxidised soil components such as nitrate (NOJ") as 
electron acceptors for respiration (Ponnamperuma et al., 1966). Through microorganism 
activity and root respiration, waterlogging changes the speciation of a number of nutrients 
from an oxygenated to a reduced state. This follows the thermodynamic sequence: NOJ" > 
Mn-t· >Fe'· > sol >C02, producing NH\ N2, Mn2 ', Fe2-, H2S, So, SO and CH-t (Ernst, 1990). 
Anaerobic reduction processes, which are dependent upon appropriate electron acceptors 
therefore occur in a fixed sequence rather than simultaneously. Laanbroek (1990) relates 
these processes to relative redox potential (Table 1.1.4). 
With lowered redox potential, nitrate (NOJ") will be reduced to nitrous oxide (N 20) and 
nitrogen gas (N::», with soil nitrate usually being depleted \\ithin three days of the onset ~)f 
flooding (Ernst, 1990). Ernst (1990) also reviews the case of increased nitrate reductase (N R) 
activity at the lower end of a water depth gradient within an English salt marsh, where the 
concentration and availability of nitrogen can be a major determinant of the plant community 
present. 
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Table 1.1.3 Biodiversity support within the upper Parana River and associated ,'01'::('(/ 
floodplain wetlands of southern Brazil (Adapted from Agostinho et of.. 2000). *systematic 
surveys of large areas of floodplain only since 1997 
Total number of taxa recorded 
Phytoplankton 
Zooplankton 
Periphyton 
Zoobenthos 
300 
329 
228 
80 
48 Aquatic macrophytes* 
Fish 170 (c. 151 endemic) 
Table 1.1.4 Soil reduction dynamics and related redox potential (adapted from Laanbroek. 
1990). 
Process 
Disappearance of oxygen 
Disappearance of nitrate 
Appearance of manganous ions 
Appearance of ferrous ions 
Disappearance of sulphate 
Appearance of methane 
Redox (Eo) (m V). 
+330 
+220 
+200 
+120 
-150 
-250 
Under lower redox potential conditions. manganese is reduced from Mn (lY) to Mn (II). Mn 
(II) is more available to plants. but waterlogged plants appear to have a greater ability to 
exclude manganese (Ernst. 1990). Further decreasing redox potential leads to the reduction of 
the relatively insoluble ferric (III) form of iron to the very mobile ferrous (II) form. While 
aerenchyma and high root porosity are a prerequisite for radial oxygen loss (see section 1.1.6). 
the formation of a reddish-brown ferric hydroxide plaque may prevent excessive iron uptake. 
A trade-off in this situation may be reduced phosphate (Po./) uptake by plants (Ernst. 1990). 
Desiccation of leaves. and a greater inhibition of photosynthesis in \vaterlogging-intolerant 
plants may be explained to some degree by Fe (I I) uptake. and also by the reduced interaction 
of the relevant forms of iron and manganese in chlorophyll s~ nthesis (Ernst 1990). 
Once redox potentials reach values of -75 to -150 illY. sulphate (SOj2') becollles unstable and 
is reduced to sulphide (S2,). At such low redo.\ potentials. e\ ell radial ,)\: gell 10"" j" 
insufficient tl) oxidise the rhimsphere. and pore\\ater sulphide Illay ditTuse into the fl),)t tis'>lIe. 
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Sulphide may precipitate as iron sulphide (FeS) at the root surface if an iron plaque has 
formed previously under less-reducing conditions. However, once the iron precipitates. 
sulphide may enter the plant freely as it is metabolically uncontrolled, and concentrations in 
the plant will then increase (Ernst, 1990). 
Submergence and waterlogging produces soil conditions that are markedly different from 
those of well-drained soils (Patrick and Mahapatra, 1968). There are many examples in the 
literature of the implications for plant growth and community structure in relation to the redox 
systems outlined above. Pearsall (1952) related general pH ranges to loosely classified 
vegetation types (e.g. acid woodlands, blanket bogs), and considered pH to be 'the most useful 
single measurement that can be made for ecological purposes'. Redox potential is known to 
influence pH values, as are products of anaerobic soils such as elevated CO2. These factors in 
turn have been shown to effect rice growth (Ponnamperuma et al., 1966). 
1.1.6. Wetland species adaptation to flooding 
The wetland environment is hostile to a great number of plant species, but is also one to which 
a great number of species are very well adapted. These species have characteristically evolved 
mechanisms to tolerate the conditions associated with waterlogging (Davy et ai., 1990; Ernst. 
1990). All wetlands, freshwater included, contain assemblages of plants which have evolved 
the ability to tolerate water tables which fluctuate around, or above the soil surface for at least 
a part of the year (Etherington, 1983). The tolerance of wetland species to inundation can be 
attributed to a number of mechanisms. These mechanisms may relate to structural and 
anatomical adaptations (waterlogging avoidance), physiological adaptations to the plant's 
immediate environment (e.g. oxygen transfer), or an ability to tolerate aspects of an anaerobic 
environment and/or anaerobic metabolism. This may include traits relating to morpholoblJ or 
internal biochemistry, selected for pressures exerted by the relevant wetland environment 
(Ernst, 1990; Wheeler. 1999). Different species can be expected to show different degrees of 
tolerance to waterlogging (Hills, 1994). This has been the subject of much research (e.g. 
Newbold and Mountford. 1997). 
Variation in flooding tolerance can also be found in different populations of the same specie,,: 
e.g. Festuca rubra and Agrostis stoloni(era (Davies and Singh. 1983), and ('un'x l/accu 
(Heathcote ct al" 1987). Phenotypic plasticity in relation to water k,el has been ill\cstigatcd 
for a number of \\etland species (e.g. Heathcote l'f al" 198 7 : legg l'f al.. 1995a: \'retare. ef 
al. 2001). Within Plw/aris arullciinoc(!o, which can ~)nly tolerate limited period" ()f an~)\ia. 
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and hence grows in relatively shallow water (Brix and Sorrell, 1996), 11 week treatments sa\\ 
mean root porosity (per volume of root) at 29.9% under flooding, and 9.7% under drained 
conditions (Smirnoff and Crawford, 1983). Waterlogging tolerance in plants has been 
outlined in the form of four main theories by Wheeler (1999), echoing those above, and as 
described by Ernst (1990), and Hills (1994): 
1. Waterlogging avoidance: within stable wetlands with relatively shallow water tables, 
colonisation of tussock vegetation (e.g. Carex paniculata) by shrub species may occur. 
Particular species such as Drosera anglica, Viola palustris, and members of the 
Orchidaceae only root within the upper substrate layer. Alternatively, rooting depth may 
increase only in relation to increased aeration at depth (e.g. Molinia caerulea). 
2. Oxygen tran~rer: plants structurally adapt under waterlogging to allow oxygen transport 
systems (and structures such as lacunae, aerenchyma and respiratory roots), to maintain 
oxygen levels within root systems. Oxygenation of the anaerobic rhizosphere by Radial 
Oxygen Loss (ROL) is undertaken by a number of species (e.g. Phragmites australis, 
Scirpus lacustris), either by radial diffusion of oxygen through the cortex, or by 
enzymatic oxidation on the root surface. Both the season and the age of plants have been 
shown to effect methane (CH 4) oxidation. 
3. Anaerobic metabolism: metabolic adaptations to anoxia survival may stimulate stem 
elongation via ethylene production, or the development of oxygenating structures \\ ithin 
certain species (e.g. Acorus calamus), although specific toxin tolerance in certain species 
is under debate. Metabolic adaptation may also allow the plants to avoid the production 
of ethanol by producing alternative organic acid end products within the glycolysis 
metabolic pathway (e.g. Alnus glutinosa, Nyssa sy/vafica). 
4. Seed survival and establishment: the production of buoyant propagules may allow 
seedling establishment at the upper limit of a tidal wetland, thereby avoiding conditions of 
total anoxia (e.g. Cenfaurium littorale and Samolus valerandi, found within seasonally 
flooded dune slacks). Some seasonal wetlands have persistent seed banks which can 
survive several years of above average flooding, although evidence for this is limited 
(Wheeler, 1999). 
Wetland vegetation is generally controlled by a combination of some or all of these factor~. 
with the relative importance of each contributing to a species k\el of \\ aterlogging tolerance. 
Specific morphological adaptation Illay include the production of adventitiou~ 'surface' rooh 
upon flooding. which undertake the role uf nutrient acquisition, whik 'deep' rooh pnn ide 
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anchorage. This mechanism may help overcome nutrient deficiency under anoxic conditions 
where excessive nitrogen occurs (Koncalova, 1990). The definite ability of various species to 
tolerate toxin accumulation is still under debate (Wheeler, 1999), and ideas about the ability to 
compartmentalise toxins in older leaves which are to be discarded, and away from 
reproductive structures are now being proposed (Ernst, 1990; Wheeler, 1999). [n addition. 
limited evidence exists for the expulsion of toxic compounds via volatile emissions; for 
example Nriagu el al. (1987) found that up to 30% of sulphur emissions in remote areas of 
Canada came form biogenic emissions from boreal wetlands. Justin and Armstrong (1987) 
found that the shoot weight of wetland species was generally less affected upon flooding than 
were those of non-wetland species, and that they tended to have more aerenchyma. Keeley 
(1979) however did identify a 'cost' of excessive water loss from aerenchyma if drought were 
to occur. 
Oxygen supply is the key factor in the maintenance of an aerobic metabolism in waterlogging 
tolerant plants. Alcohol dehydrogenase (ADH) is an enzyme which is synthesised in hypoxic 
plant tissue, catalysing the final step in the synthesis of ethanol (Ernst, 1990). Species of 
Nymphaea and Nuphar are rooted in highly reducing sediments and allow ethylene production 
when oxygen supply is restricted to the roots at night. However. these periods are limited in 
duration, and an extensive lacunar system allows root aeration during the day (Smits et aI., 
1990). In species less adapted to anoxic conditions high ADH activity may indicate a sub-
optimal metabolism (Ernst 1990). For example, ADH activity is highest in roots at depth in 
Filipendula ulmaria, indicating the small airspaces and low oxygen transport capacity of this 
species; other species in waterlogged soils such as Ranunculus repens. Poa trivialis. and 
Junclls articulaflls exhibit lower ADH activity, indicating more extensive aerenchyma, and 
oxygen transport systems (Ernst, 1990). 
1.2. Eco-hydrological studies 
1.2.1. Wetland hydrology and hydrochemistry 
To define hydrology simply as 'the science of water' would perhaps be too broad and 
misleading, and usage of the term has tended to refer to the study of water in relation to its 
occurrence on, over, and under the surface of the earth as stream flow, water vapour. 
precipitation, soil moisture and groundwater (Ward, 1967). Implied within more recent 
definitions is the need to understand 'how water cycles and cascades through the physical and 
biological environment', and also that we must be able to 'account for all inputs and outputs 
to and from the system as well as all stores within the system (Baird and Wilby, 1999). Ward 
(1967) points out that while it was not until the 19th century that the first textbook on 
hydrology was published (Nathaniel Beardmore's Manual of Hydrology), the close 
association of Man and water had been evident since at least the time of the ancient Egyptians. 
Indeed historical figures proposed a number of theories, all of which bore some level of 
plausibility: e.g. Aristotle (384-322 B.c.) explained precipitation, while da Vinci (1452-1519) 
had some concept of the principle of flow in open channels. Ward (1967) considers that the 
principles of the modern science of hydrology were laid towards the end of the 17th century by 
the work of Pierre Perrault and Edme Mariotte on drainage basins, and the English astronomer 
Edmund Halley, and his observations of flow in springs and rivers. Baird and Wilby (1999) 
considers that today hydrology is still largely an engineering discipline concerned with water 
supply, waste water disposal and flood prediction. 
The understanding of wetland hydrology has advanced since Godwin published his work on 
the hydrology of Wicken Fen (Godwin, 1931; Godwin and Bharucha, 1932). However, 
wetland hydrological processes are still poorly understood. and generally little researched 
(Baird, 1995). The complex nature of the wetland environment is highlighted by Gilman 
( 1994). who states that the wetland water balance must take account of all of the inputs. 
outputs and storage in the hydrological system. For these. groundwater and surface water 
inflows and outflows must be represented. From this basis, Gilman (1994) states that the 
water balance of a wetland site can be expressed as: 
P + Gin + Qin = E + GOlll + Qout + 6.s 
Where. P = precipitation: Gill = groundwater inflow: Q'1l = surface inflow: f " actual 
evaporation from the wetland: GOlit = groundwater outtlO\\: Q<1111 = surface outflow: and 6." . 
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change in water storage, usually seen as a change in water level or the water table. Grieve ef 
al. (1995) consider that recently there has been an increasing recognition of the importance of 
groundwater inputs into the hydrology and hydrochemistry of floodplain wetlands. These are 
in addition to the riverine and hill-slope inputs, which were originally regarded as the main 
sources. A study of the hydrological processes within Catfield Fen in the Norfolk Broads. 
UK, by Gilvear et al. (1997) uncovered a complex system, which was perhaps not as reliant 
upon riverine influences as previously thought. This was also a view previously put forward 
by Giller and Wheeler (1986). 
That plants require 15-20 essential elements for growth is well known. The three primary 
elements for structural and energy storage purposes are C, H, and o. The remaining are 
divided into macronutrients (e.g. P, K, S, Ca, N, Mg) required in relatively large amounts, and 
micronutrients (Cu, Zn, B, Cl, Mo, Mn, Fe, Si) required in smaller amounts. While 
atmospheric nitrogen (N 2) is fixed as organic N via microbial loops, all the other nutrients are 
generally soil-derived (for rooted macrophytes, though not, of course, for free-floating 
macrophytes and phytoplankton); although rainfall may be the sole source of Sand Cl to 
plants under extreme conditions on ombrogenous substrates (Etherington and Armstrong. 
1982). The availability of certain of these nutrients due to the relative redox potentials of 
waterlogged soils is variable, as discussed in section 1.1.5. 
The complex hydrological properties of wetlands, in conjunction with the specific origins of 
water sources, and to a degree in Sill! transformations, determine their organic and inorganic 
chemical composition. Ross, (1995) considers the four principle hydrological characteristics 
which determine the nature of the hydrochemistry of a particular wetland to be: 
I. Whefher fhe s1'sl('111 is per1llanenl!.v or periodicallr inllndafed: seasonal fluctuations in 
the degree of waterlogging will influence redox potential, and hence nutrient availability 
(especially nitrogen. due to the early onset of its reduction and depletion in waterlogged 
soils; see section 1.1.5). 
") The source ojwaler: nutrient status is largely dependent on \\hether \\l'tlands are fed b~ 
groundwater which has been in contact with rocks and soil (klluric). or are \\ holly 
rainwater fed (meteoric). The nutrient status of telluric systems is variable. depending on 
the type of bedrock (e.g. insoluble quartz and granites. or soluble calcites l. 
3. Whether the Huter i.\ tret' jlmring or stognunt: \\ hile macroph~ te-.; acti\el~ "Itm tltm ing 
\\aters. the~ also act as ~)\.~ genators. and trap suspended sediments. Briti"h J>hrugl1litc.\ 
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and Typha reedswamps are examples of wetlands whose nutrient uptake is predominantly 
from organic and mineral substrates. 
4. The substrate hydraulic conductivity, which determines porewater retention times: British 
wetland soils comprise two main groups; Gleys. which may be derived from alluvial. 
estuarine, or lacustrine clay or silt mineral deposits; or Peats, derived from organic 
deposits. The main characteristic that differentiates peats from mineral soils is the high 
pH dependent cation exchange capacity (CEC), and high total nitrogen (N) values within 
the organic content. While hydraulic conductivities have been found to be very variable. 
they are at the lower end of possible values for soils, and not thought to have a major 
influence over hydrochemical dynamics. Further work needs to be undertaken on the 
influence of specific wetland soil properties on hydraulic conductivity (e.g. the 
compression and expansion of accumulated gas due to pore water pressure) (Baird, 1995). 
Within a single wetland the dynamic and influence of relative inputs can vary substantially. 
Grieve et al. (1995), for example, observed significant differences between sample stations 
across Insh Marshes, Scotland. Valley side runoff increased dissolved organic carbon and AI 
in the shallow groundwater. while groundwater upwellings increased pH and Ca 
concentrations, and river inundation decreased the base status and increased CI and AI. 
1.2.2. Eco-hydrologv 
Ward (1967) recognised that the applications of hydrology had broadened to include issues of 
urban hydrology and of interactions with vegetation during the main period of its development. 
Baird (1995) however states that there has been a general lack of work to attempt to quantif~ 
and model relationships between ecology and wetland hydrology. 
Ellenberg (1974) formulated relationships between plant specIes and their environment. 
effectively delimiting their ranks. Goslee et af. (1997) indicated that the identification ()j' 
species to indicate \\ etland water source could be useful in the development of tools for 
wetland management. 
In a review by Wheeler and Shaw (1995), the authors considered that: "conservationist-; \\ould 
generally welcome a clear understanding of the interrelationships betwccn mire \ egctation and 
hydrology. to help them predict the likelv effects of hydrological changc upon 
vegetation ...... or to determine desirable \\<lter C(1\ ironment-; t()r attcmpt'-- at rc-\\etting 
damaged sites ...... ho\\ever, despite quite a large numbcr of studies ...... the relationship 
1(1 
between the hydrology of fens and the composition of their vegetation is not at all \\ ell 
understood, except in gross terms". Such tools would comfortably fit the ethos of eco-
hydrology, which is regarded by Wassen and Grootjans (1996) as "an application-driven 
discipline ... [which] ... aims at a better understanding of hydrological factors determining the 
natural development of wet ecosystems, especially in regard of their functional value for 
nature protection and restoration". This application to management and restoration was 
underlined in special issue of Vegetatio (vol. 126; 1996): Consequences of changes in the 
water cycle for ground water and surface water fed ecosystems: eco-hydrological 
approaches. 
The application of applied eco-hydrological concepts is important under the European Water 
Framework Directive-1, due to be implemented in 2003. The directive recognises that "aquatic 
ecosystems ...... equilibrium is strongly influenced by the quality of the inland waters flowing 
into them ... ", and the overall purpose of the directive is "to establish a framework for the 
protection of inland surface waters. transitional waters, coastal waters and groundwaters ... ". 
4 Establishin~ a framework for community action in the field of\\ater policy (200()l60;'\C) 
. ~ 
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1.3. Plant ecology 
Begon et al. (1996) define ecology as 'the scientific study of the interactions between 
organisms and their environment'. Within this definition, individual organisms of the same 
species coexisting as populations, and numbers of populations existing as communities are all 
of interest to the ecologist; as are the varying complexities of the inherent interactions. 
1.3.1. Plant community ecology 
Plant communities, existing as a set of populations of representative species. are subject to 
environmental controls. Rieley and Page (1990) consider a number of abiotic and biotic 
factors whose variability influences the structure and composition of plant communities. 
Abiotic factors may include light, temperature, water, CO} supply, wind. nutrient supply and 
fire. Biotic factors include Dispersal, species-species interactions (for a review of 
competition see section 5.1.3, Chapter 5), and succession. Such definitions can be regarded 
as a simplification, and as Rieley and Page (1990) argue, the division of biotic and abiotic 
factors is somewhat simplistic. For example, a reduction in light (abiotic) to ground flora can 
occur as a function of succession. It should also be noted that within habitats regarded as 
man-made (e.g. golf courses), 'ecology' still operates (Begon et al., 1996). The difference 
however, is that a number of factors are being actively selected for (e.g. fertiliser application; 
regular cutting), and as such. may preferentially benefit one species within a plant community 
over another. 
1.3.2. Plant community definition 
In relation to the science of taxonomy, ecology is relatively new (Grime, 1998). However. 
plant community ecology as a branch of this science is relatively old. and from its conception. 
disputes stemming from differences in opinion and approach have abounded (Kent and Coker. 
1995). Crawley (1986) suggests that a good deal of these disputes relate to scale and 
positioning issues within sampling; as simple as how big and where exactly samples should 
be. While the volumes of the British Plan! Communitics (Rod\\ell. 1991 ('( \cq) pn:scribe 
ranges for nested quadrats within various community types. Sparks et o/. (1997) suggest that 
within semi-natural and other habitats, appropriate sample size estimation Illa~ be inherentl: 
subject to errors where there is no prior information regarding the expected variability \\ ithin 
an area. Wilby and Schimel (1999) point out that scale issueS now constitute a gnl\\ ing bod: 
of research. and have been identified in the U.S. as a research priorit: (Cra\\k:. 19X61 
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considers that differing approaches to sampling makes comparisons, and agreement upon 
basic ecological concepts difficult. 
At the beginning of the twentieth century much debate centred on the concept of the plant 
community within a spatial setting. Perhaps the most notable of these differing opinions \\as 
that between the American ecologists Frederic Clements, and H.A. Gleason. Clements (1916: 
1928) proposed the Organismic concept, with vegetation communities comprising definable 
components within the overall cover of vegetation. He also regarded these associations to 
represent climax communities given long-term stability. Generally regarded to be at odds \\ ith 
Clements ideas, was the Individualistic concept proposed by Gleason (1917: 1926: 1939), 
whereby plant species respond individually to environmental parameters. While different 
species exist within groups at anyone point, within a wider spatial framework individuals 
would vary independently, and therefore pre-defined 'groups' could not be considered to 
repeat over space. While Kent and Coker (1995) consider the emphasis to have been placed 
largely upon plant ecology at the community level previous to 1975, they indicate an increase 
in work related to individual plant strategies (e.g. Grime, 1979b) and plant population biology 
(e.g. Harper, 1977; Silvertown, 1987). Crawley (1986) considers that latterly, opinions have 
moved towards Gleason's' individualistic' concept of the plant community. 
1.3.3. Vegetation description 
During the early part of the twentieth century Moss (1910) recognised a lack of uniformity 
within the subject of plant ecology, with different names being given to similar, or identical 
plant associations. With the development of plant ecology as an academic discipline came a 
number of differing approaches to the description of vegetation (Kent and Coker. 1995). 
Denny (1985) describes the three main approaches to date: 
1. Classical ml.'lhods: vegetation was divided into units. and the units then considered 
separately, with the initial divisions based upon habitat and/or life-form and morphology 
of representative populations of plants. The 'life-form' classifications proposed by 
Raunkaier (1937), were related to broad environmental gradients. and the status of the 
perennating organs relative to the ground level. The main characteristics of the major 
categories are listed in Table 1.3.1: further sub-divisions \\ere hm\ever recogni"eJ 
Tansley (1939) also proposed classifications for communities of British \ egdation (c.g. 
,\farsh. Fen and Curr), and a variety of structural classifications ha\ c folkmed thereatter 
(Kent and Coker, 1995). Characterisation of such units \\as l)Jl the hasis l1f gn1up" llf 
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plant species normally found within the habitat, and this approach allowed a subjecti\ e 
discrimination between communities (Hills, 1994). 
2. Phytosociological methods: a number of schools of phytosociolof,,), developed during the 
latter half of the 19 th and the first half of the 20th century (Kent and Coker. 1995). and 
were based upon the principle that vegetation communities were divided up on the basis of 
differences in species abundances, following the approach favoured by Clements (1916) 
(see Section 1.2.2). Denny (1985) considers the two main approaches to be the Zurich-
Monpellier (Braun-Blanqet) school of subjective classification (Braun-Blanquet, 1932), 
which resulted from a convergence of the methods of a number of European \\ orkers 
(Kent and Coker, 1995), and the approach developed in the UK. and U.S.A.. The Zurich-
Montpellier school uses a hierarchical classification, and considers the' association' as the 
fundamental unit of vegetation. While the British! American system is similar, it relies 
more heavily upon the dominance of species to differentiate communities. While Kent and 
Coker (1995) indicate that problems exist with the clarity of methods in the Zurich-
Montpellier approach, the British/American approach has been developed since 1975 as 
the basis of a national-scale classification of British plant communities, published as the 
National Vegetation Classification (NVC) (Rodwell, 1991 et seq.). 
A similar approach is the CORINE (Co-ordination of information on the environment) 
phytosociological system (Devillers et al., 1991). which utilised the biotopes concept to 
draw up a vegetation framework for Europe. Biotopes are defined as "an area of land or a 
body of water which forms an ecological unit of community significance for nature 
conservation regardless of whether they are formally protected by legislation". Biotopes 
have indicative species listed. with further sub-divisions based on other indicative species. 
3. Multimriute methods: methods employing objective multivariate algorithms for 
hierarchical classification (e.g. TWINSPAN: Two Way Indicator Species Analysis) and 
ordination (e.g. DC A: Detrended Correspondence Analysis) of species assemblage and 
abundance data have been developed since the mid 1970's (Hills. 1994). Gauch (1982) 
comments that the use of such methods has been aided by the increased availability of 
computers, and considered them at the time to be the best techniques for anal) sing 
complex sample-by-species data arrays. The method of ordination mentioned above 
allows an interpretation of environmental controls (gradients) onl) as a retrospecti\e 
process. and is termed' indirect gradient analysis'. A development of the multivariate 
approach now however allows a 'direct gradient anal) sis'. \\ hereby quantitative spccie" 
scores are ordinated on the basis of underlying environmental values (ler Braak anJ 
Prentice. 1988; Jungman d al .. 1995): the principle and application of the"c llletlwJ" arc 
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discussed further in Chapter 3. Multivariate procedures have been vital to the production 
of the NYC (see Rodwell, 1991 et seq.), and in packages produced in order to assign 
vegetation samples to existing NYC categories (e.g. MATCH; Malloch, 1999). 
Tabl~ 1.3.1. Major cat.eg~ries of Raunkaier's life-form classification (Raunkaier, 1937). 
showmg mam characterIstIcs for those groups containing species of interest in the context of 
this study*. 
Group Main Sub-Groups and Characteristics 
Phanerophytes Perennating buds emerging from aerial parts of plants (>2m) 
Chamaephytes Perennating buds emerging from aerial parts of plants close «~m) to the 
ground 
Hemicryptophytes Perennating buds borne at ground level; aboveground parts die back 
Cryptophytes* 
Therophytes 
(Annuals) 
Perennating buds/shoot apices survive unfavourable season below 
ground/underwater 
(a) Geocryptophytes or geophy1eS including forms with: 
(i) rhizomes; (ii) bulbs, (iii) stem tubers, (iv) root tubers 
(b) Marsh plants (helophytes) 
(c) Aquatic plants 
Perennating as seeds 
1.3.4. Plant survival strategies and traits 
Species based methods of vegetation analysis and description, are inherently subject to 
geographical variation. Keddy (1992b) argues that models to predict vegetation response to 
environmental perturbation are increasingly needed. however, due to the large number of 
species on the planet. models based upon species taxonomy would have a limited applicabilit} 
(for example, species are likely to differ greatly between UK and south-east Asian \\ ctlands). 
However, models based upon aspects of traits which species globally have in common (t.:.g. 
the relative diameter of aerenchyma), are more applicable, due at its simplest to the fact that 
the models necessarily must deal with these shared traits. Keddy (1992b) points to the worl-. 
of van der Yalk (1981 ): a simple trait such as the ability to germinate under flooded condition" 
means that those specil's lacking this abilit} can only regenerate under drawdlmn c\lI11litilllh. 
Noble and SlatHr (1980) employed "vital attribute,," of plants to predict "ucCl'""i(1I1 and 
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perturbation in plant communities. Functional groups have also been defined: for exampk. 
species with an isoetid life form (e.g. /soetes lacustris. Iitorella un~flora. and Lobelia 
dortmanna) are found at the margins of oligotrophic lakes, and are phylogenetically unrelated. 
However, all produce leaves in robust rosettes to withstand wave action, and have extensiw 
root systems to pump nutrients from deep within gravelly substrates (Dickinson and Murphy, 
1998). Semenova and van der Maarel (2000) review the development of 'trait-based' 
approaches in assessing vegetation. They consider that while a good deal of progress has been 
made of late, confusion still ensues, and a clarification of the terminology is needed. It is 
suggested that the term 'plant functional types' (PFT's) be used, and that a consistent 
framework is required for these PFT's to be compared and interpreted. Similarly, a review b) 
Duckworth et al. (2000), suggests that the use of PFT's in plant ecology requires increased 
consistency. It is also stated that the potential for future development lies in the identification 
of a minimum set of useful plant functional traits to optimise efficiency. 
1.3.4.1. Survival theories 
For a plant attempting to grow and reproduce in a given environment. only certain sub-sets of 
attributes will permit survival and reproductive success (Grime, 1979a), with the environment 
having had a 'filtering effect' upon the traits represented (Diaz et al., 1998). 
r-K selection 
MacArthur and Wilson (1967) proposed a model with opposing ""r" and "K" strategies (from 
the general population growth rate in a limited environment), which was later extended by 
Pianka (1970). The deterministic factors of the model related r-selection to earlier maturity, 
with larger reproductive effort and shorter life. and K-selection to later maturity, lower 
reproductive effort, and longer life (MaCarthur and Wilson, 1967). Inconsistencies of the 
model were regarded by Grime (1979a) as: 
I. the theory made no provision for a successful strategy to occupy stable but unproducti\e 
habitats. 
2. juveniles and adults of the same species were assumed to have the same traib. 
Although the r-K framework has proved useful in understanding the ecoll1g) of Illany 
organisms, particularly animals. Grime and Sibky (1986) considered that the theor) had not 
made a "significant contribution to the production of a unified strategy thcl1ry'", while "[,.'am ... 
( 1977) considered it incomplete. 
" 
Grime's C-S-R theory 
Grime (1974; 1979a) proposed a triangular ordination model with axes for competitive abilit;. 
(C), stress tolerance (S), and disturbance tolerance (R, sometimes also rendered as D) for a 
variety of plant species around Sheffield, UK. In his framework theory, Grime (1979a) laid 
down the following definitions: 
5,'trategy = "a grouping of similar or analogous characteristics which recur widely among 
species or populations and causes them to exhibit similarities in ecology". 
Competition = "the tendency of neighbouring plants to utilise the same photon of light, ion of 
mineral nutrient, molecule of water, or unit of space". 
Disturbance = '"any factor which destroys biomass and includes trampling, grazing and fire-
damage". 
Stress = "any factor which reduces the rate of accumulation of biomass and includes shortage 
of light, water and minerals". 
Traits relating to Rmax (maximum potential growth rate) and various morphological 
parameters were measured, to provide indicators of the disturbance tolerance (0: also given as 
R = "ruderal qualities") and competitive ability (C). These were plotted onto two sides of the 
ordination, and from these, stress tolerance (S) could be extrapolated. This came from the 
geometric requirements of the triangular ordination, whereby C +S+O= I, and allowed species 
to be separated in the ordination. 
Grime (1985) however considered that strategies would be better represented bJ a '"comple.\ 
array of traits". Hence, a more sophisticated strategy theory was produced (Grime ef a/ .. 
1988), with a dichotomous key based upon attributes and traits from phenolo!:-ry, morphology 
and life history. "Marker" species were also selected which could be placed unquestionably 
into a primary, or secondary strategy. Intermediate strategies could therefore alsu be 
described, where for example, plants exhibited elements of stress tolerance and compctitiVl' 
ability, giving a C-S strategist. Other strategies such as competitive ruderal (C-R). ~tress 
tolerant ruderal (S-R), and intermediate (C-S-R) could also be assigned (Grime l'f al.. 1988). 
However. \vhile intermediates could be described. it \\ as apparent that factllr" of high slrL'"" 
and high disturbance would effectively e.\clude plant life. 
-" 
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The theory was considered to have a good generality, providing a framework for describing 
plant-environment relationships (Grime, 1979b), and has been tested by several workers. 
Gaudet and Keddy (1988) found that traits such as a rhizomatous nature could be used to 
predict the competitive ability of plants. Murphy et al. (1990) considered that the C-S-O 
strategy approach could be applied objectively to populations and communities of aquatic 
macrophytes in order to describe their strategies. Hills et al. (1994) also proposed three main 
functional groups within European wetland vegetation, with a trade-off between competitive 
ability and stress tolerance. Spink (1992) applied the theory to describe the strategies of 
aquatic Ranunculus species, while Abernethy (1994) applied it to European euhydrophyte 
communities. Further work by Grime et al. (1997) has produced evidence for functioning 
being predictable from traits relating to aspects of reproduction and evolutionary strategies in 
roots and shoots. 
Problems with the C-S-D framework 
Potential problems with the theory have been aired (Hills. 1994). However Grace (1991) 
considers that a good deal of unnecessary debate has simply arisen from the definition of the 
terms used in the development of theories. While Grime's theory supports the concept that 
plants gain competitive superiority from high resource uptake capacity. Tilman (e.g. see 
Tilman, 1987) suggests that competitive superiority is due to a lower equilibrium resource 
requirement. However, the specific definition of competition varies between the authors. and 
Grace (1991) suggests that the theories are actually largely complementary rather than 
opposmg. 
Two further problems relating to (1) the constraints of a triangular ordination, and (2) cases of 
extreme morphological plasticity within a single species are outlined by Hills (1994): 
I. Loehle (1988) argues that the constraints of a triangular ordination assume a direct tradc 
off between traits: where C+S+O= 1. axes scores for C and 0 of 0.3 each (=0.6 in total). 
would constrain the species to have a S axis score of 0.-+. Some work in this area (e.g. 
Hills and Murphy, 1996) has shown that a direct trade off betwcen strategies can be 
observed. However. the assumption that species will always fall within the constraints (If 
the triangular ordination should not be taken as implicit. We need to remember that l)JlC 
of the axes is a composite extrapolation of the measured components l)f competiti\ e 
ability (C). and stress tolerance (S). In response h) criticism of the theor~ by Lochk 
(1988). Grime (1988) has agreed that the possibilit~ of species being plotted e\ternal to 
the triangular ordination should not be excluded. The theory does however form a good 
basis of a consistent strategy framework. 
2. Arguments abound for a good deal of variation occurring within populations, as \\ ell as 
between species, with genetic variation being defined at the population level. However the 
perspectives put forward by Grime (1979a) are broad, and accept the fact that variation 
within species will occur. The functional question of which traits delimit which species. 
and what is the degree of variation in functional traits between. and within species. can 
therefore be addressed. 
1.3. -I. 2. Trait differentiation in relation to the environment 
Rozenzweig and Abramsky (1986) proposed a model of centrifugal community organisation 
based on observations of desert rodents, whereby they identified a 'core' habitat, which. even 
at low population densities was exploited by rodents. Peripheral habitats were also identified 
which were only utilised in times of increased population density, whereby as densities 
increased, a greater number of habitats was utilised; this being the centrifugal effect. In a 
similar vein, Keddy (1990) and Keddy and MacLellan (1990). proposed a model for 
herbaceous wetland and forest communities; using the constructs of (I) plant communities 
being structured as competitive hierarchies, and (II) that competition is more intense in high 
biomass sites. From a species poor - high biomass core, a set of possible paths, defined by a 
particular set of environmental conditions was proposed. with these being related to an axis of 
decreasing biomass. 
With these proposals, Keddy and MacLellan (1990) also introduced the concept of 'state 
variables'. whereby "biomass may produce changes in other state variables such as the total 
species pool. alpha diversity and number of vegetation types". and that the use of biomass in 
centrifugal models "integrates a number of state variables of interest". While these state 
variables were undefined by Keddy, Hills (1994) regarded them as '"a measurable variable of 
a biotic community which has a particular range of values for each type of vegetation 
communitv". Keddy (1992b) considered that "as ecolObfJ' matures and the \\orld'" 
envir~mmental problems multiply, the need for general predictive models also grows". lie then 
went on to point out that models based on traits would have a more general applicabilit~ than 
those based on taxonomic divisions. Further to this. both Keddy (1992b) and Diaz cf o/. 
(1998) regard traits as being filtered through the effect of climate. disturbance. and biotic 
conditions. 
Examples of relationships between speCIes composition and underlying environmental 
gradients are numerous in the literature, and are outlined elsewhere in this chapter. Hills 
(1994) suggests relationships between biomass and other state variables remain largel~ 
untested. However, recent work within the Rio Parana varzea wetlands (Murphy et al., 1999: 
Murphy et al., 2001) has begun to address this deficiency. Regression equations show that 
macrophyte biomass can be predicted from the variables, light extinction coefficient. total 
oxidised nitrogen in the water, and sediment redox potential. Recently there have been 
examples of the use of state variable within vegetation as indicators of hydrological processes 
(Willby ef al. 1997). Some examples successfully extend this approach to organisms other 
than plants (e.g. Murphy et al., 1994), but examples of such work are limited. 
1.4. Project outline 
1.4.1. A background to the project 
Past work carried out at the Universities of Glasgow and Stirling has emphasised functional 
relationships between the vegetation of wetland and aquatic habitats, and the underlying 
hydrological regime(s) (e.g. Abernethy, 1994; Murphy, 1994; Murphy, 1995: Sabbatini and 
Murphy, 1996; Willby et al., 1997; Ross et al., 1998: Ali el al., 1999; Ross, 1999; Murphy 
el al., 2001). 
The work of Hills (1994), which contributed to the wider F AEWE (Functional Analysis of 
European Wetland Ecosystems) project (see Maltby et al., 1993), concentrated on a functional 
analysis of European wetland vegetation. The work was undertaken by studying 
hydrogeomorphic units within study sites, in order to produce a system by which analysis of 
wetland vegetation could be used to predict the effects of anthropogenic perturbation. From 
this baseline work, which used the C-S-O established-phase strategy theory as its framework 
(Grime et al. 1988), Hills et al. (1994) developed predictive equations to determine the 
importance of C and S strategy elements for 78 plant populations. The work has since been 
verified over a range of sites (Hills and Murphy, 1996), and the principles have been 
successfully extended to act as indicators of wetland functioning (Murphy et aI., 1994; 
Murphy et al .. 200 I). and as indicators of biodiversity within Scottish agricultural land 
(Abernethy et al .. 1996). 
Hydrological and hydrochemical regimes have long been recognised as being amongst the 
most important factors in determining the vegetation associations found within wetlands 
(Godwin and Bharucha. 1932: Sjors, 1950: Gorham, 1953: Ingram, 1967: Damman and 
Dowhan, 1980: MaImer, 1986; Keddy et al., 1994; Brown and Scott, 1997). Hydrochemical-
vegetation interactions have been studied with reference to floodplain mires by G iller and 
Wheeler (1988), Wassen et al. (1990), Wassen and Barendregt (1992). and Willh~ el (II. 
(1997). However. it is only recently that attempts have been made to quantify the specific 
water level requirements of wetland species (Newbold and (vtountford, 1997). gOlllg "UI1lC 
way to filling the gap in such quantitative information which had been earlier recogniscd 
(Mountford and Chapman, 1993). 
Many wetlands have hydrological systems \\ hich are both compIe\ and \ ariable (C1ricve l't (//.. 
1995; Gilvcar l'f (1/.,1997). IIlmc\cr, \\ith the e.\ception of the \\ork of\\'illb~ L'f (//. (199') 
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little work has been carried out on the relationships of functional vegetation groups to 
localised hydrological and hydrochemical conditions within wetlands. 
The mam aIm of this project is to determine the main environmental pressures driving 
diversity, vegetation structure, and functional characteristics of the dominant plant 
populations in different assemblages within a number of representative freshwater wetland 
systems across northern Britain. In conjunction with experimental work, this will hopefully 
permit identification of traits within the vegetation with the potential to act as predictors of 
hydrological variation, and also to allow the prediction of what changes, if any, might occur in 
the vegetation as a result of altered hydrological regimes. Increased knowledge of 
ecohydrological interactions is considered important in informing the management of these 
important habitat types. 
1.4.2. Thesis outline 
• Chapter 2 describes the selection of the seven wetland sites used during the fieldwork 
component of the study, and gives a background to each of these sites. The hydrological 
instrumentation employed is described, as are the vegetation composition and structure, 
and environmental ranges measured within each of the seven sites. 
• Chapter 3 discusses the phytosociological aspects of the field study, in terms of the 
floristic assemblages found at each of the sites, and their classification as National 
Vegetation Classification (NVC) community types. By means of multivariate analyses 
the community types are characterised (and differentiated) in terms of parameters relating 
to their underlying environmental regimes, and to a number of traits measured within 
either the collective species complement, or the dominant species present. A number of 
sites, which were repeat sampled for either two or three years, allow for a temporal focus 
to be placed on this aspect of the study. 
• Chapter..j - investigates eco-hydrological relationships within the wetland vegetation 
studied. Ecological gradients which drive the composition of each sample are determined. 
Differences between these samples are also characterised by investigating differentiation 
in predominant traits. Using a trait-based approach, predicti\e models of vegetation 
response and relationship to measured environmental parameters are constructed, and 
tested. In addition, predictive models are proposed \\ hich utilise attribute data gleaned 
from the literature as predictors of hydrological regime. 
• Chapter 5 - investigates the response of selected "etland species to ground-\\ater "Irl''"''"' 
and competitive interaction within an experimental framework. Species \\ith contrasting 
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established phase strategies (sensu. Grime, 1988) are employed in various combinations 
of treatments, and a number measurements are made of vital attributes (e.g.. leaf and 
reproductive structure production) in relation to these treatments. 
• Chapter 6 -contains a general synthesis and discussion of the results obtained, and of 
their potential implications for the general science of freshwater wetland plant ecology. 
Suggestions for development of the work are discussed. 
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Chapter 2: Field study sites; floristic composition and hydrological characteristics 
2.1. Introduction 
2.1.1. Selection of study sites 
During the winter of 1998, prior to the first field season of this study, a number of freshwater 
wetland sites were identified, and their potential for inclusion as study sites was assessed. 
Assessments were based on a number of factors, including representation of a number of 
perceived groundwater regimes and vegetation types. Physical ease of access and land 
ownership issues were also considered, to allow for the setting up of permanent 
instrumentation (see Section 2.2.1.2) at fixed stations along each of the transects. Two sites 
were chosen for the field study in the first year (Table 2.1.1) and sampling visits were made 
at approximately monthly intervals (Appendix I) from May until September. 
A similar protocol was used for the 1999 and 2000 field site selection (Table 2.1.1). but 
sampling visits were reduced in number (Appendix I). The number and geographical range 
of sites sampled was however increased for the 1999 and 2000 field seasons, in order to 
increase the envelope of applicability of models which were to be generated from the field 
data collected (Dickinson and Murphy, 1998). This would also provide a suitable range of 
model test data (see Chapter 4). 
None of the sites studied were subject to grazing pressure imposed by management practices. 
However. it is likely that native and/or feral animals such as deer could have grazed the sites. 
In this Chapter a general overview of study sites used during 1998-2000 (Figure 2.1.1) is 
presented, the plant species recorded at each site are listed, and the ranges of the 
environmental variables measured are outlined. An analysis of plant community composition 
and measured groundwater characteristics is covered in Chapter 3. and an analysis of the 
eco-hydrological interrelations of these variables is covered in Chapters 3 and 4. 
In summary. this Chapter: 
• 
• 
• 
Introduces, and gives a background to the \\etland study sites used for this \\t)rk. 
Gives details of the field instrumentation and methodologies u~cd to collect the 
vegetation data and hydrological, hydrochemical and other environmental data. 
Characterises the \'arious siks used in terms of the plant species occurrint!-. and 
the underlying hydrological and hydrochemical ret!-imes. 
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Figure 2.1.1 Fie ld site locations in Scotland and Northern England sampl ed during 1998-
2000. 1M = Insh Marshes; EM = Endrick Marshes; GM = Glen Moss; LW = Lochwinnoch 
Reserve; NW = Nether Whitlaw Moss: woe = Wood of Cree: TM = Tarn Moss. 
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Table 2.1.1 Study sites sampled, and the year(s) in which they were sampled, showing NGR centred upon all transects for each site (see section 2.1.2 for start 
and finish NGRs for each transect). 
Site Name NGR* Reserve Area Region Within UK Height Above Number of Transects Total Number of Stations 
(ha)** Sea Level* 
(meters) 
1998 1999 2000 1998 1999 2000 
End rick Marshes NS435875 27 Dumbartonshire, Scotland 9 6 
Glen Moss NS368699 19.5 Renfrewshire, Scotland 150 2 6 
lnsh Marshes NH793014 844t Inverness-shire, Scotland 220 2 3 17 20 8 
Lochwinnoch NS364584 39.5 tt Renfrewshire, Scotland 31 2 6 
Nether Whitlaw Moss NT508295 4 Selkirkshire, Scotland 274 6 6 
Tarn Moss NY400275 16.8 Cumbria, England 274 5 
Wood of Cree NX375718 32.4 ttt Wigtownshire, Scotland 31 6 
*Frum OS 1 :50000 map series; **FrOIll SSSI notifications and site management information; tLargely floodplain, but includes some farmland, woodland and moorland lUlder 
RSPI3 ()\\ncr"hip~ ttIncludes wet grassland, marsh and tall fen areas of reserve only; tttinciudes fen and swamp area combined, of which approximately 3 ha. is fen 
2.1.2. A background to the study sites 
Endrick marshes (Aber Bog) 
Aber Bog, along with other areas of the Endrick Marshes, is managed by Scottish Natural 
Heritage (SNH), and forms part of the larger Loch Lomond NNR (National Nature Resef\e). 
designated in 1962; the marshes act as an important site in winter for migratory White-
Fronted Geese (Anser albifrons) and support a number of rare plant species. The 
mesotrophic site comprises an area of fen whose vegetation was formerly harvested. This 
practice however was abandoned in the mid 1930's, allowing encroachment b) Phalaris 
arundinacea (Reed Canary-grass), and colonisation by Willow (Salix spp.) (Mitchell. 2000). 
The site underwent major rehabilitation works during the period 1978-1989. including 
redirection of polluted drainwater, creation of open water bodies, and the introduction of 
sluices to actively control water levels. The ten years following completion of the scheme 
saw the spread of Phalaris curbed, coupled with a resurgence of growth of Carex species. 
The site was designated as a SSSI in 1983. as part of the larger Endrick River Mouth SSSL 
and falls within the proposed designation for the new Loch Lomond and Trossachs National 
Park (Scottish Natural Heritage, 2000). 
The transect was intersected between stations 3 and 4 by a drainage ditch. Stations 1-3 were 
based on a mineral substrate, with there being little or no peat deposit present (John Mitchell, 
pers. com .. 1999). The vegetation taken in by stations 3-6, while still being underlain by 
mineral deposits, tended to form a floating mat 50-75cm above the underlying substrate. 
The transect ran from NS434873 - 438877. 
Glen Moss 
Glen Moss (Plate 2.1), a Scottish Wildlife Trust (SWT) site, is a mixed basin and valley Intre 
containing sedge-dominated plant communities with an area of shallow open water. The 
sedge beds provide nesting sites for breeding ducks such as Teal (Anas crecca) and 
Shoveller (A. clypea/a); the site is considered entomologically interesting due to the presence 
of a variety of moths, butterflies, damsel flies and dragonflies (Glen Moss Site of Special 
Scientific Interest: File reference 605/22WYG: Scottish Natural Heritage. CI}debankJ. The 
site is also a [local] stronghold for sedge warbler (Auocepha/lls sc/7oenohaclllls) and Reed 
Bunting (Emberi::a schoeniclus), with 5-10. and 4-5 pairs respectively in 1996 (Garratt. 
1996). 
The site has one drainage outlet. \\ hich is currentl) controlled by a sluice (date unklw\\ n). In 
the latter part of the 191h century a sluice \\ as put in place to allll\\ \\ inter tlul)dint! l)f thl' 
moss for the use of the local curling club; during this time the moss was also drained in 
spring to allow cattle grazing, and reeds were cut in autumn on a yearly basis. The original 
sluice had fallen into disuse by the 1950's and the curling club no longer used the moss. For 
a short while during the 1960's, groundwater was abstracted from the site in order to water 
the nearby golf greens, but this practice was later discontinued (Garratt, 1996). The site is 
currently designated as a SSSI, with the most recent designation being in 1984, under the 
1981 Wildlife and Countryside Act. 
The two transects used, consisting of three fixed sample stations each (Table 2.1.1), took in 
areas of vegetation on either side of a raised, wooded, central area, and were both based on 
peat substrate. Transect I ran from NS367696 - 368698, and transect :2 ran from NS366697 
- 366699. Two transects were used due to the rounded shape of the reserve, with a central 
wooded area, rather than due to its size. 
Insh Marshes (Balavil Fen, Insh Fen, Tramie Fen) 
This Royal Society for the Protection of Birds (RSPB) reserve (see Plate 2.2), mostly 
comprising an area of floodplain of the River Spey, is regarded as a nationally and 
internationally important site (Gibbons, 1993). The site has a grade 1 SSSI, and also a 
RAMSAR designation. The wetlands are home to a wide range of rare breeding and 
wintering birds, and also a number of rare plant species. Carex chardarrhiza (String sedge) 
(Jermy et al., 1982; Legg et al., 1995b) is particularly note-worthy, only being recorded in 
one other Scottish (and UK) site, in Sutherland. 
Subsequent botanical surveys of the wetlands (Wood, 1987: Loizou, 1997) have classified 
the main communities as swamp and poor fen, with scattered and infrequent mire and scrub 
communities. Due to the diverse and large areas of intact swamps and fen, Loizou (1997: 
pp.2) considers the site to be: 
..... probably the finest example of a floodplain mire in the whole of Britain .... the site has 
national as well as international importance". 
The importance of the Insh Marshes as a wetland habitat is undeniable. and \\hile little 
documented history exists for the valley pre_18th century. it is thought to ha w been \\ noded. 
apart from scattered open water bodies (Gibbons. 1993). By 1835. much drainage (If the 
valley had taken place, and crops \\ ere being grown: this \\ as achieved by ILm ering the 1e\l'1 
of the largest water body, Loch Insh, and through the construction of embankmenh to 
prevent flooding from the river Spey. Embankments h()\\C\er, began to deteriorate frolll the 
\\ or\-... mid 19
th 
century onwards, and drainage ditches became less effective. Recent 
undertaken by Grieve et al. (1995) suggests that a complex system of hydrological inputs 
and balances including valley side runoff, groundwater upwelling. and riverine inundation 
(Plate 2.3), underpin the functioning of the marshes. 
The use of three transects at Insh Marshes was intended to take account of variations in 
perceived water level regime, and of spatial variation within vegetation over the greater area 
of the site. Transects were numbered as follows: (I) lnsh Fen: south of the River Spey. \\ith 
nine permanent sampling stations (reduced to eight during 2000); (2) Tromie Fen: south of 
the Spey, with eight permanent sampling stations (reduced to seven during 1999. and not 
sampled during 2000); and (3) Balavil Fen: north of the Spey, with four permanent sampling 
stations (sampled during 1999 only). Transect I (NH812023 - 805029) was underlain 
variously by mineral soils, and mineral soils overlain by peat; transect 2 (NH775001 -
774005) was generally peat based with areas of floating mat vegetation; transect 3 
(NH793022 - 796019) consisted of floating mat vegetation overlying approximately 50cm of 
water. which in turn stood over an impermeable clay-based substrate (Tom Prescott. RSPB .. 
pers. com., 1998). 
Loclrwinnoch (Aird Meadow) 
The main wetland areas of the RSPB Lochwinnoch Reserve (Plate 2.4) comprise marsh and 
fen vegetation fringing shallow. eutrophic. open water (Castle Semple Loch and Barr Loch; 
these being the result of flooding of former water meadow systems). The wetland areas are 
in turn fringed by areas of scrub and mixed deciduous woodland, and include large areas 
dominated by Carex aquatilis (Water Sedge). The main fen and marsh areas are thought to 
be a relatively recent development following a loss of hydrological control via sluices. since 
the 1950's (Bhatia, 1999). 
The reserve as a whole is regarded as an important example of 10\\ land eutrophic \\ ctland. 
which has supported breeding populations of four red data book listed bird specie'., and 
wintering populations of up to nine amber listed bird species in recent years (Bhatia. 19(9). 
Ho\\ e\ er. it is considered that an active management of water levels \\ ithin the rl''-> en e 
would increase the value of the habitat. and potentially result in an expansion l)r areas of 
marsh. wet grassland and fen, and reedswamp. To this end. hydrological assessments and 
studies of potential water level control \\ ithin the reserve ha\e been undertaken in recent 
years (e.g. Gilvear. 1994: Heffernan and Mansell. 1(98). 
The majority of the reserve is designated a SSSI with the most recent designation being in 
1985, under the 1981 Wildlife and Countryside Act. 
Transect I, consisting of three fixed sample stations, took in an area of floating-mat 
vegetation, with little or no peat or mineral substrate present; transect 2. also consisting of 
three stations, took in an area with mineral substrate. Transect 1 ran NS364585 - 365587), 
and transect 2 ran NS361585 - 362585). Two transects were used as the two distinct 
wetland areas (floating-mat, and those areas based on mineral substrate) were physical I) 
separated by sections of open water and scrub. 
Nether Whitlaw Moss 
Nether Whitlaw Moss (Plate 2.5), along with 3 other sites (Blackpool Moss. Beanrig Moss 
and Murder Moss) are managed by SNH, and form the Whitlaw Mosses NNR, which also 
has SSSI designation. These mosses have recently been proposed as part of a larger Special 
Area of Conservation (SAC) under the European Habitats and Species Directive (1992), 
which will allow the target type of 'transition mires and quaking bogs' to be maintained at a 
'favourable conservation status' (Gilvear. 1998). 
All of the mosses within the Whitlaw Mosses NNR occupy shallow basins within underlying 
Silurian shales, which are locally calcareous, resulting in base rich groundwater and 
localised upwelling springs (welleyes). Nether Whitlaw Moss itself is a small elongate basin 
surrounded by agricultural fields, which are known to drain into the basin, and comprises a 
mix of rich and poor fen communities with scattered birch scrub. During the 15th_16th 
century, the site was subject to peat removal, and also possibly marl extraction (Gilvear, 
1998). 
The length of the transect (NT506294 - 511295) took In areas of mineral substrates. and 
floating mat vegetation over wet peat/water. 
Tarn ,Hoss 
Tarn Moss (Plate 2.6). which is owned by English Nature (EN). is a basin nme forl11l'd 
within a glacial hollow. and is largely devoid of tree or scrub co\ cr. The site is unusual in 
having characteristics of an acid mire. interspersed \\ ithin a nutrient-poor fen (~.l\. 
information leaflet). Management has been minimal at the site. but has included the 
dammino of drains to maintain water levels. and the cono.;truction of other drain" to take road 
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water away from the site. The site is designated as an NN R. 
The length of the transect (NY398274 - 402276) took in peat based substrates. 
Wood a/Cree 
The Wood of Cree fen forms part of a larger reserve which is owned and managed by RSPB, 
and which comprises mainly of ancient broad-leaved woodland, with scattered areas of 
swamp on the River Cree. The fen is characterised by a gradual gradation from Salix 
woodland to open (standing) water, and is occassionaly inundated by water from the river. 
Previous surveys have described the site as a good example of a transitional fen system (Paul 
Collin, RSPB., pers. com. 2000). 
The length of the transect (NX 375719 - 376717) took in areas of mineral substrate. peat 
substrate, and floating mat vegetation over open water. 
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Plate 2.1 Glen Moss. (a) Transect 1, running left to right behind the foremost large patch of 
birch, showing areas of shallow, open water; (b) Transect 2, showing an area dominated by 
Eriophorum angustifolium in the foreground, with scattered scrub and open water beyond. 
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Plate 2.2 Insh marshes. (a) Transect 1 (Insh Fen) showing sampling within an area of wet 
grassland dominated by Deschampsia cespitosa and Juncus effusus, with a wetter area 
beyond, dominated by Carex nigra, C. panicea and Molinia caerulea; (b) Transect 2 (Tromie 
Fen) showing an area dominated by Phragmites australis, with an undercanopy of C. 
lasiocarpa and Potentilla palustris, with standing water visible; (c) A section of transect 2, 
dominated by C. panicea in the foreground, with an area supporting a local population of the 
nationally rare String Sedge (c. chordorrhiza) (see Legg et al. , 1995b; Appendix 10). 
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Plate 2.3 Insh marshes, near to transect 1 (Insh Fen), December 1999, showing an area 
inundated by floodwater. 
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Plate 2.4 Lochwinnoch (Aird Meadow). (a) Transect I , showing floatin g-mat vegetati on 
dominated by Glyceria maxima, with open water beyond .: (b) Transect 2. with Pha/ari 
arundinacea litter in the foreground, and a large stand of Carex aqua/iii beyond . 
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Plate 2.5 Nether Whit law Moss. (a) View showing mixed nature of vegetation, with 
Sphagnum spp and birch scrub to the foreground; (b) Overall elongated basin shape of the 
fen (photo courtesy of Sarah Ross). 
Plate 2.6 Tarn Moss: view across the basin, showing mixed vegetation with Deschampsia 
cespitosa in the foreground, and sparse scrub. 
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2.2. Methods and materials 
2.2.1. Field data 
Permanent transects were set up at each site, with fixed water level monitoring stations being 
implemented at intervals of approximately 30-50 metres. Stations were set up in order to 
cover a range of vegetation types, and a range of perceived hydrological variation: as 
identified from initial site visits, discussion with site managers. and from previous vegetation 
surveys and site reports, where available. A repeated measure sampling regime, with visits 
made at approximately monthly intervals (Appendix 1), was implemented at each site. 
Various measures of the vegetation, and of groundwater and groundwater-related variables 
were conducted during each visit. 
2.2.1.1. Vegetation data 
Within a standard radius of 1 m around each fixed water level monitoring station (see section 
2.2.2.1), sampling was conducted using a 1 m2 quadrat with twenty-five 20x~Ocm~ sub-
divisions. Species lists were drawn up at each visit and the abundance of each species was 
noted on the basis of the number of occurrences within the 1 m2 quadrat; this figure was then 
multiplied by four to give a percentage abundance estimate. Nomenclature followed 
Clapham et af. (1981), Hubbard (1984), Jermy et al. (1982) and Stace (1997) for vascular 
plants, and Smith (1978) and Watson (1994) for bryophytes. Dominant species were 
classified as those occurring in 16 or more of the 25 subdivisions. approximating to an 
abundance of 65%, or more. A maximum of three species was noted as 'dominants' in each 
case. Following an initial sampling of replicate points around a number of fixed stations. 
species composition was seen not to vary greatly within the homogeneous mosaics identified 
(Appendix 2). While the dominant species were generally consistent across replicate station 
samples. little variation was seen in other species either. Subsequently. single vegetation 
samples were taken. in order to maximise the total range and number of sites which could be 
visited. Monthly species lists were drawn up from different areas within aIm radius of fixed 
sampling stations, rather than from fixed quadrats. due to the destructive nature of associated 
sampling (See Chapter 3). This was in order to reduce the impact within a concentrated area 
the wetland vegetation. which in many cases is generally stress tolerant but disturbance 
intolerant (Grime el al .. 1988). 
2.2.1.2. Groundwater data 
Fixed station field sampling 
Fixed sampling equipment was installed along the permanent transects established at each 
field site. Water level range gauges, adapted from the design of Bragg et al. (1994) were 
employed to measure minimum and maximum water levels during the monthly intervals 
between sampling. Each gauge consisted of a 2 metre length of PVC pipe. with a diameter 
of 14cm. The top half (I m) frontage of the pipe was removed. to give a I m length of entire 
pipe, and a I m length of half pipe (i.e. semi-circular in cross-section when viewed from 
above) (see Figure 2.2.1). AIm scale was fixed to the back of the open top section. and a 
series of holes of I cm diameter were drilled into the basal I m section at intervals of IOcm 
from the base. Following removal of a substrate core from each of the fixed sample stations 
using a soil auger, to a diameter of c.14 em, and to a depth of c. 75cm, each piece of prepared 
pipe was put in place: resulting in 75cm of the tubing being below ground, and 125cm 
protruding above ground. Each gauge was anchored into the root mat of the vegetation using 
right-angled brackets, in order to prevent movement of the gauge once operational, and to 
therefore maximise accuracy of derived water level readings. A ballasted float and markers 
were fixed to the open top section (see Figure 2.2.2 for basic construction). The ballasted 
float consisted of a standard 250ml PVC sample bottle half filled with dry sand. The top of 
each bottle had been drilled, and a I m length of stainless steel rod inserted and secured using 
dril1ed PVC blocks and standard silicone sealant. Each top was placed back onto the 
respective bottle, and these were made watertight using sealant. At the top end of each rod, a 
stainless steel eyelet. screwed into a PVC block was secured. A second I m length of 
stainless steel rod was inserted through the eyelet. a foam marker was pushed onto the 
second rod on either side of the eyelet, and the second rod was then secured onto the back of 
the top half of the gauge casing, between two fixed PVC blocks. This arrangement allowed 
the ballasted float to move freely within the water column within the lower half of the gauge 
casing. from where the substrate column had previously been removed. The water column 
meanwhile. was allowed to move freely in sequence with changing groundwater Ie\ els. 
through the free exchange of water facilitated by the holes drilled in the lo\\er half of the 
casing. (Figure 2.2.2). 
The minImum - maximum water level gauges worked on the principle that the eyekt 
connected to the ballasted float would shift the two foam markers positioned onto the tl\cd 
rod up and down respectively as the ground\\ater lewl rose and fell: the reliabilit~ (If the 
method had been verified previousl) by Ross (1999). From dip\\ l'lI mea,>ureillenh ('>l'e 
below) the groundwater level at the time of sampling could be obtained. and \\ ith reference 
to the level of the eyelet fixed to the ballasted float, the maximum and minimum 
groundwater levels since the previous sampling session could be calculated. Whik such a 
method gives snapshot information of the minimum and maximum ground\\ater levels at a 
single point in time between sampling, repeat sampling throughout the year gives an average 
measure of minimum and maximum levels, and of overall levels of fluctuation. The study 
undertaken employed a large number of sites, transects, and individual monitoring stations 
(Table 2.1.1). The approach taken was considered a reasonable alternative to the installation 
of continuously-recording data-loggers, due to factors of cost. 
At each fixed sample station dipwells were installed within 50cm of the minimum-maximum 
water level gauges. The dipwells consisted of 75cm (5cm diameter) lengths of PYC pipe. 
the bottom 50cm of which was perforated every 5cm. The bottom 50cm was buried into the 
ground following removal of a core of substrate, and PVC bungs were put into the top to 
prevent direct entry of rainwater. This method, allowed a mixed groundwater sample to be 
taken from within the rooting zone of the vegetation, whether the vegetation was rooted. or 
free-floating. 
During each sampling visit, the dipwells were evacuated and then allowed to refill with fresh 
groundwater. Measurements of pH and electrical conductivity (J.lS/cm) were made using 
probes connected to pre-calibrated, hand held HANN AH meters. A measure of groundwater 
level relative to ground surface was also made, using the dipwell when water level was 
below ground surface. Soil redox potential (mY) was measured using a self-referencing 
platinum electrode probe, pre-treated for reducing conditions, connected to a hand held 
meter. 
Groundwater samples were taken using a 50ml syringe, to which a lenbrth of rubber tubing 
had been connected. Acid washed 250ml sample bottles were filled at each sampk station, 
and were placed into a freezer box for transport back to the lab for processing. On return to 
the lab the samples were filtered through 0.5 J.lm Whatman GF/C glass fibre filter" in order 
to remove suspended materials, for subsequent chemical anal) sis. Grie\ e i!{ (//. (1995) 
identified no significant lag effects on samples following this protocol, so it is rea"unabk tl) 
assume that dipwell samples would be analogous to the ground\\ ater chemistry of the sill? at 
the time of sampling. While Proctor (1993) found variation \\ ithin the stability of "ulull?" 
from mire-water samples during storage. refrigeration in the dark was recommended where 
immediate analysis could not be undertaken, in order to reduce biolugical activit:- .\11 
samples were therefore transported back from the field in a cl1l)1 bll\. and alter filtering. \\lTe 
stored in a frcoer until the time of analysis. 
In addition to groundwater measurements, the shade cast by nearby treeS and/or scrub was 
assessed on a 0-5 scale; where 0 = no shade, and 5 = heavy shade. Bare ground (%) \.\a':\ also 
assessed visually. 
Groundwater analysis 
Groundwater samples were analysed for major anions and cations on the basis of previous 
hydrochemical studies and associated vegetation characteristics across Insh Marshes (Grieve 
et al., 1995; Willby et al., 1997). Analyses followed the protocol detailed in Grieve et al. 
(1995) and Ross (1999). Each sample was replicated three times for cation analysis. and 
three random samples were replicated three times at the beginning of anion analysis in order 
to ensure precision. Accuracy was also checked by the use of standard solutions and blanks 
during analysis. 
Phosphate (PO/-) was determined (during 2000 only) USIng the Ammonium 
Molybatel Ascorbic Acid method of Murphy and Riley (1962). with a detection limit of 
0.01 mg rl. Chloride (CI), Fluoride (F), Nitrate (NO~) Sulphate (SO/") were determined 
from sub-samples filtered through On-Guard-Ag filters, and using a DIONEX ion 
chromatograph with a chemical suppressor and an AS4A analytical column. Samples wcre 
eluted with a sodium hydroxide (Na2COiNaHCOJ) solution, and conductivity wa~ 
suppressed with dilute sulphuric acid (H2S04), Detection limits were 0.02 mg rl. Potassium 
(K) and Sodium (Na) levels were determined using flame photometry. Calcium (Ca). 
Magnesium (Mg) and Manganese (Mn) were determined using flame atomic absorption 
spectrometry (AAS); samples were dosed with strontium nitrate (Sr(N03 )2) solution (0.4%) 
to suppress interference for Ca and Mg. Iron (Fe) was determined by graphite furnace AAS. 
Samples were diluted \\ here appropriate. The approximate detection limit for all sampk~ 
was 0.01 mg rl. 
All groundwater analysis was conducted in the Department of Em ironmental Sciencc. at the 
University of Stirling. 
Figure 2.2.1 Minimum-maximum water level range gauge positioned in fi eld at In h 
Marshes (Tromie Fen). (a) gauge casing with removable front piece clipped in place to act as 
a weather guard; (b) gauge with front removed, showing internal apparatus; (c) clo e up of 
eyelet attached to ballasted float, minimum and maximum water level marker . and 
measuring scale behind fixed rod. 
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Figure 2.2.2 Minimum-maximum water leve l range gauge (adapted from the des ign of 
Bragg er aI. , 1994), showin g schemati c plan of components and mode of operation. (a) 
Maximum water index marker; (b) Minimum water index marker; (c) eye let to move wa ter 
index markers as fl oat moves with vary ing water leve l; (d) ballasted fl oa t; (e) sca le; (f) fl oa t 
stem: S = ground sur face: W = Current water leve l. 
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2.3. Results 
In total 33 field sampling visits were conducted during the three years of research (Appendix 
I), in addition to visits for site selection and instrument installation purposes. During 1998 
seven sampl ing visits were made in total, with a full complement of stations sampled 0\ er 
the course of the last visit to each site. A total of 58 species of vascular plants and 
bryophytes were identified (Table 2.3.3). A more systematic sampling regime was adhered 
to during the 1999 and 2000 seasons, with a full coverage of all sampling stations during 
subsequent visits (Appendix I). A total of 89 and 53 vascular and bryophyte species were 
identified respectively during 1999 and 2000. In addition, sampling regimes for 1999 and 
2000 were more rigorously structured, and were spaced as closely to monthly intervals as all 
considerations would allow. 
An initial attempt to replicate sampling within each station proved time consuming. and did 
not yield species data which varied greatly between points (Appendix 2). Species wen: 
generally consistent across all three replicate points surrounding each station. Some cases of 
local variation, for example with Lemna minor (station I. Nether Whitlaw Moss). could be 
explained by the free-floating and motile (mainly by wind action) nature of the species. In 
others such as Filipendula ulmaria, differential canopy spread could be an explanatory 
variable. 
2.3.1. Sample station species composition 
A greater number of species were sampled over the course of the 1998 season at Insh Marsh 
stations (n=47), than at Nether Whitlaw (n=31) (Table 2.3.1). Ho\\ever. the number of 
stations sampled at Insh Marshes was seventeen, in comparison to just six stations at Nether 
Whitlaw. Of the fifty-eight species sampled. sixteen were common to stations within both 
sites, while thirty-one species were exclusive to the Insh Marsh sample stations. with eleven 
exclusive to Nether Whitlaw moss. 
Species exclusive to Nether Whitlaw included a number of br) oph) tes (A ulocolJ7!1iutll 
pail/sIre, Bryum pseudolriquefum, Marchanfia polyf/lorpha, Pellia epiphyla, PlagiolJ7!1iutll 
rostralum and Sphagnum paillsfre), and Lemna minor. \vhich is indicativl' nf the ,,10\\ 
moving waters characteristic of basin fen systems. In contrast. the plant spt:cies identified 
along the transects studied at Insh Marshes are m()re varied. ranging from th()"e dominated 
by Carex species, through tall herb fen vegetation (dominated by Phragmi{n auslralis and 
Care.\" Iwiocmpa). and species indicative of wet and acid grassland. sLlch a" Dnc/iulI//)\io 
, I' I II I I I ,'\/1)1/"1/'(/ c([crlll('o ([f/£I Rumcx (lu'IO\(/. ccspif(}\(/, Ga /lim po /lsfre, () ells (If/a /IS, 
For the 1999 season (Table 2.3.2), the intensified sampling regime produced a greater list of 
species, with some being present across al\ site stations (e.g. Angelica sr/wstris, Cun'x 
echinata, C. lasiocarpa. Menyanlhes Irij(Jliala, Sphagnum paluslre). Four species, Betula 
pendula, Hydrocotyle vulgaris, Lysmachia vulgaris and Poa triviu/is, were unique to the 
samples from the new G len Moss site, and 12 species were unique to the samples from Insh 
Marshes. One species was unique to each of the Nether Whitlaw and Lochwinnoch samples 
(Typha lalij'olia and A ulocomnium paluslre respectively). Three species were unique to the 
samples from Tarn Moss, while a total of thirteen were identified within the Insh Marsh and 
Tarn Moss samples only. These included a number of calcifuges such as .\[o/inia caerlilea 
and Myrica gale, 
During 2000, only nIne species from a total of fifty-three were identified which \\ ere 
common to stations from all three sites sampled in that year. Four species, L. minor, 
Lysimachia thyrsiflora, Oenanlhe lachenalii and T. lalij'olia were noted \\ ithin Endrick 
Marsh samples only, while eight samples were unique to Insh Marsh samples: again. these 
were indicative of acid and wet grasslands. 
While fewer stations (n=6) were set up at Wood of Cree than at Insh Marshes. eleven species 
were unique to the samples taken. Two of these species, Carum verficillalum and Eleocharis 
palustris had not been recorded in previous years. 
For full species lists and their frequencies sampled during 1998-2000 see Appendix 3, 
Table 2.3.1 Total ,species lisl for 1998, showing presence (+). and absence (_) al each sile: 
1M = Insh Marshes: NW = Nether Whitlaw Moss. 
1M NW 1.\[ Sir 
Achillea ptarmica + Lemna minor 
Agrostis stolon[fera + + Marchantia polymorpha + 
Angelica !)ylvestris + Menyanthes trifoliata + + 
A ulacomnium palustre + Molinia caerulea + 
Betula pendula + Afvrica gale + 
Bryum pseudotriquetum + Oenanthe lachenalii + 
Caltha palustris + Pedicularis palustris 
Campylium stellatum + Pellia epiphyla 
Cardamine pratensis + + Phalaris arundinacea 
Carex aquatilis + Phragmites australis -t-
Carex chordorrhi~a + Plagiomnium rostratum 
Carex demissa + Poa trivialis + 
Carex echinata + Potamogeton polygonif()lius -+- 4-
Carex lasiocarpa + + Potentilla palustris , 
Carex nigra + Ranunculus lingua + 
Carex panicea + Ranunculus flammllia 
Carex rostrata + + Ranunculus repens 
Carex vesicaria + Rumex acetosa -t- + 
Deschampsia cespitosa + Salix cinerea + + 
Epilobium palustre + + Scoropodium scorpioides 
Equisetumfluviatile + + Sphagnum palustre + 
Eriophorum angust [folium + + Sphagnum recurvum + 
Festuca rubra + Sphagnum squarrosum + 
Filipendu/a ulmaria + + Stellaria a/sine -r 
Galium palustre + + Succisa pratensis + 
Holcus lanatus + + Utricularia vulgaris 4-
Juncus arliculallls + Valeriana offic ina lis + 
.funclls hufcmills + I "eronica anaga// is-aq 110/ icu 
Junclls elf/ISI/s + Viola pa/llslris T 
~able 2.3.2 Total species list for 1999, showing presence (+), and absence (-) at each site: 
GM = Glen Moss; 1M = lnsh Marshes; LW = Lochwinnoch: NW = Nether WI itl ' \! . TM ~ M 1 ali, 0,\,\. 
= am ass, 
GM 1M LW NM TM G,\/ /.\/ U1' .\.\/ TAt 
Achillea ptarmica + Juncus hufonius + + + 
Agrostis capillaris + + + Juncus efJusus + + + + 
Agrostis stolonifera + + Knautia arvensis + + + 
Andromeda po/~fo/ia + + + + + Lemna minor + + 
Angelica sylvestris + + + + + Lysimachia thyrsiflora + + 
A ulocomnium palustre + Lysimachia vulgaris + 
Betula pendula + Lythrum salicaria + + + + + 
Calliergon cwpidatum + + Menyanthes trifoliata + + + + + 
Caltha palustris + + Molinia caerulea + ~ 
('all una vulgaris + Alvrica gale + 
Calypogeia mue/lerana + + Mvsotis scorpio ides + + 
Cardamine pratensis + + Oenanthe lachenalii + + + 
Carex aquatilis + + Pedicularis palustris + + + 
('arex chordorrhiza + Phalaris arundinacea + + +-
Carex diandra + + + Phragmites australis + + 
Carex echinata + + + + + Poa trivialis + 
Carex lasiocarpa + + + + + Polygala serpy/lifo/ia + + 
Carex limosa + + + + Polytrichum commune + 
+ 
Carex nigra + + Potamogeton polygonij(J/ius + + 
Carex ovalis + Potentilla erecta + 
+ + + + 
Carex panicea + + + + Potentilla palustris + 
+ + + + 
C 'arex rostrata + + + + Pseudoscleropodium purum 
+ + 
Carex vesicaria + Ranunculus flammula + + 
Cerast ium fontanum + Ranunculus lingua + 
Dactylorhiza majalis + + Ranunculus repens + 
Deschampsia cespitosa + + + Rhytidiadelphus squarrosus 
+ + 
Drosera rotundifolia + t- + Rumex acetosa + 
+ 
Dryopteris dilatata + + + + + Sa/L\- cinerea 
+ + 
Epilohillm palustre + + t- + + Scorpidium scorpioides 
+ + 
Equisetum fluviatile + + + + + Sphagnum cuspidatum + + 
+ + 
Erica cinerea + 
Sphagnum palustre + + + + t 
Erica tetralix -+- + + + Sphagnum papillosum 
+ + 
Eriophorum anxustifolium + + + + Sphagnum squarrosum 
+ + 
Eurh)'nchium praelonxum + Sphaxnum teres 
+ + 
Fest Ilea rllhra + + + + 
Stellaria holostea 
Filipendula ulmaria + + + Suceisa pratensis 
+ 
Fissidens adianthoides + Trifolium repens 
+ t-
Galilm! aparine + + + 
Typha lalifolia 
Galium palustre + + + + 
I-aceinium mrrt illlls -t 
G/rceriu maxima + 
['triclilaria vIIIxaris -'-
+ + 
Hoi C liS I ullat /IS + + + 
I"ace illi 11 III o:x-ycocc'IIS 
flvdrocotyle vIIIxaris + r Taleriana ofTzc ionalis 
Iris pseudacorus + + + 
l-aonieLl officinalis 
JuncIIs acuti/lorus + 
'-iola polustris 
.Iuncus articulatus + 
:' I 
Table 2.3.3 Total 5pecies list for 2000. showing presence (+). and ahsence (_) at each site: 
EM = Endrick Marshes; 1M = Insh Marshes; WC = Wood o{Cree. 
EM 1M WC EJI /,\1 we 
Achillea ptarmica + + Lycopus europaeus 
Agrostis stolonifera + + Lysimachia thyrsiflora 
Angelica sylvestis + + Lythrum salicaria + 
Caltha palustris + + + Lychnis flos-cuculii + 
Cardamine pratensis + + + Mentha aquatica + + 
Carex aquatillis + + Menyanthes trifoliata + + ( 'arex diandra + + Molinia caerulea + + 
Carex echinata + Myrica gale + + 
Carex lasiocarpa + Myosotis scorpioides + + 
Carex nigra + + Oenanthe lachenalii + 
Carex panicea + + Phalaris arundinacea + + + 
Carex rostrata + + + Phragmites australis + 
Carex vesicaria + + Potentilla palustris + + + 
Carum verticillatum + Potomogeton po lygo n!foli us + 
Eleocharis palustris + Ranunculus flam mula + + 
Deschampsia cespitosa + Ranunculus repens + 
Epilobium hirsutum + Rumex acetosa + 
Epilobium palustre + + + Salix cinerea + 
Equisetum fluviatile + + + Sphagnum papil/osum + + 
Eriophorum angustijolium + + Succisa pratensis + 
Festuca ruhra + Typha latifolia + 
Fillipendula ulmaria + + + Valeriana ojjic ina lis + + + 
Galium palustre + + + Veronica officinalis + 
Holcus lanatus + Viola palustris + + 
Hydrocotyle vulgaris + 
Juncus acutif/orus + 
Juncus huron ius + 
Junclls etfusus + 
Lemna minor + 
2.3.2. Hydrological and hydrochemical ranges measured 
Table 2.3.4, contains minimum and maximum values for site and environmental variables 
measured during August 1998, shows a degree of variability between sites. and within sites. 
Full data sets can be found in Appendix 4 
The highest shade values occurred at Nether Whitlaw, while shade was either low or non-
existent across all lnsh Marsh stations. Percentage bare ground was also variable; some 
stations within each site contained no bare ground, while others at lnsh Marshes had up to 
23% bare ground recorded. A maximum of 4% bare ground was recorded at Nether 
Whitlaw. 
Ground water parameters were also variable. A wider range of pH values (5.20-7.25) were 
measured at lnsh Marsh stations than for Nether Whitlaw, while the maximum conductivity 
measured at Nether Whitlaw was almost five times higher than any recorded at Insh 
Marshes. Similarly levels of calcium and sodium, at 72.95 and 74.40 mg r' respectively. 
were far higher from Nether Whitlaw than for any of the groundwater samples from Insh 
Marshes. Previous groundwater sampling at the site by Ross (1999) also revealed high 
values for these ions at certain points across the site. Iron however. was detected to a 
maximum of 18.06 mg r' within lnsh Marsh samples, and to 3.56 mg r' at Nether Whit law. 
Other ions had variable ranges, within sites, but these ranges were more comparable between 
sites (Table 2.3.4). 
For the 1999 season, similar site and environmental measurements were taken during each 
sampling visit, and the yearly averages are shown in Table 2.3.5. Shading was again 
variable between sites. and was notably absent from all Insh Marsh stations. Shading was 
also lower at Nether Whitlaw than in 1998, due to some scrub clearance having been 
undertaken. Bare ground ranged from 0 at stations within all sites. to a maximum of 3.+% at 
Nether Whitlaw. While this value was considerably higher than the maximum for 1998. it 
represented an average figure as opposed to a single point measurement. 
With the exception of Nether Whitlaw, stations within all sites \\ere subject to a \ariet~ \)1' 
groundwater regimes, from negative (below ground surface) to positive (inundated). The 
greatest groundwater fluctuation occurred at Insh Marsh sites. with average ma\.imum Ineb 
of fluctuation reaching 32 cm. In contrast. fairly static situations \\ere found to llCCur 
amongst the second transect of stations at Lochwinnoch (floating mat \ egetation). 
pH ranged from 5.00 to 6.56 across stations, and redox ranged from -72 to 263 m\'. The 
range of redox values were all positive (oxidising) for Tarn Moss stations, and \\ ere all 
negative (reducing) for Lochwinnoch transect 2; all other sites contained stations 
representative of both oxidising and reducing conditions. 
The lowest conductivity value overall was 85 ~S/cm, at Tarn Moss, while the Icmest range 
of variation was at Glen Moss (140-329 ~S/cm). The largest figure (and largest range) was 
observed at Nether Whitlaw (146-1334 ~S/cm). 
Regarding the specific ionic content of the groundwater samples, the highest levels of 
sodium (59.16 mg r') and calcium (90.40 mg r') were measured at Nether Whitlaw: these 
values echoed those from the single measurements taken in August 1998 (see comments 
above regarding Na and Ca values at this site). Highest levels of iron (mg r') were again 
seen amongst Insh Marsh samples, while the content of other ions \\as again variable within 
and between all of the sites. The same situation was true for the major anion content of the 
groundwater samples, with the exception of the maximum value of 131 mg rl of chloride 
measured at Nether Whitlaw, with the next highest value being 28.73 mg rl from 
Lochwinnoch. Fluoride was found to be generally variable amongst and between sites, but 
was found at trace levels only within transect 1, Glen Moss, and for all of the Tarn Moss 
samples. 
The average site and environmental variable values for 2000 (Table 2.3.6) agaIn show 
variable degrees of shading between sites, with no shading present within the stations at Insh 
Marshes. Some degree of bare ground was measured at all stations, but overall levels ranged 
from 2%, to 27% (within Endrick Marsh samples). 
All sites contained stations subject to negative and positive water table levels relative to 
ground surface, with the highest level of water table fluctuation overall (46cm) observed at 
Insh marshes. 
pH ranged from 5.40 at Wood of Cree, to 6.90 at Insh Marshes. with the I~)\\ c"t and thl' 
greatest levels of variation being found within these two sites respectivel). The same pattern 
followed for redox, but with all values being positive (ox.idising). in contrast to preVi(\lh 
years (Table 2.3.4: 2.3.5). 
The lowest conductivity was observed at Insh Marshes (51 IlS/cm), and the highest at 
Endrick Marshes (533 IlS/cm). Specific IOnIC contents varied again within sites. and 
between sites. The highest values for sodium and calcium were measured at Endrick 
Marshes (22.36 and 24.54 mg rl respectively), but these figures were considerably IO\\lT 
than the high levels measured previously at Nether Whitlaw (Table .2.3.4; .2.3.5). Phosphate 
was measured for the first time in 2000 (due to technical difficulties in 1998 and 1999), but 
only reached moderately high levels within the I nsh Marsh samples, with a maximum of 
0.35 mg rl. 
Table 2.3.4 Range of site and environmental variable values for August 1998 
Variable Insh Marshes Nether Whitlaw 
TI(n=9) T2(n=8) (n=6) 
Min. Max. Min. Max. Min. Max. 
Degree of Shading 0 I 0 0 0 4 
Water Table Relative to -2 24 0 19 0 30 
Surface (cm) 
Maximum Water Table 8 34 3 34 
Relative to Surface (cm) 
Minimum Water Table -34 6 -II 16 
Relative to Surface (cm) 
Overall Level of Water Table 13 54 10 24 2 7 
Fluctuation (cm) 
Redox (mV) -148 33 -80 165 
pH 5.20 5.70 5.70 7.25 5.46 6.74 
Conductivity (~lS/cm/s·l) 56 165 7 136 38 787 
Bare ground (%) 0 23 0 8 0 4 
Fe (mg 1. 1)* trace 18.06 tract! 3.56 0.25 2.21 
Mn (mg 1. 1)* trace 2.43 trace 0.43 trace 0.32 
Mg (mg \"1)* 0.83 2.61 1.12 2.27 0.34 9.25 
K (mg \"1)* 1.33 4.93 0.49 7.60 0.99 2.56 
Ca (mg 1.1) 2.57 22.48 3.43 6.48 1.19 72.95 
Na(mg1-1)* trace 7.72 0.09 16.08 2.52 74.40 
Fluoride (F) (mg \"1) tract! 0.41 
Chloride (CI) (mg 1.1) tract! 19.18 
Nitrate (NO:;) (mg 1. 1) 0.01 0.26 
Sulphate (SO/) (mg \"1) 0.58 2.23 
Trace undetectable at <0.01 mg 1.
1; *tigures based on stations 1-5 on Iy. 
'J, 
:;.. 
Table 2.3.5 Range of mean site and environmental variable values for 1999 
Variable Glen Atoss 
TI(n=3) T2(n=3 ) 
Degree of Shading 
Water fable Relative to Surface 
(em) 
Ma.\.imum Water Table Relative 
to Surface (CIll) 
Minimum Water Table Relative 
to Surface (elll) 
(her;.i11 Le\el of Water Table 
Fluctuation (cm) 
R.eu()\. (m V) 
pH 
(lIHJuctivity (~lS.cm/s-l) 
I~an: gmllild (" ,,) 
Ie (mg II) 
\111 (mg II) 
\1g (mg 11) 
K (mil 1-1) 
(a (11~ g 1- I ) 
'-. ~l (1111l II ) 
111I()riJe (I) (l11g II) 
Chl()llde ((I) (l11g 11) 
'\, Itr~lte ('\;() ) (l11g I I) 
. I '-,llll,h~ltL' ('-,()\ ) (m);]" ) 
Min. 
0.7 
-6 
-3 
-17 
9 
-67 
5.77 
168 
2 
Iruce 
Iruce 
0.85 
0.3Cl 
5.76 
5 ()9 
IruCl' 
X.2l) 
() () I 
() l)-\ 
11;lce 1111lklL'ctahk at ()()ll1lg ]"1. 
Max. 
0.7 
17 
17 
8 
14 
69 
6.30 
329 
3 
0.18 
0.03 
1.95 
0.56 
22.92 
7.37 
IrUCl' 
D.39 
0.05 
3.36 
Min. 
0.3 
- I 
-16 
12 
--\3 
5.41 
1-\0 
o 
0.03 
I rUl'L' 
0.53 
0.19 
1.92 
5.15 
[ rucl' 
1 I . ()() 
(l.O] 
I ()-\ 
Max. 
2 
3 
-9 
18 
151 
5.63 
198 
3 
0.15 
Iruce 
1.09 
0.60 
3.70 
7.26 
0.22 
20.X5 
0.05 
7.15 
L()chwinnach 
T I (n=3) 
Min. 
1.0 
o 
- I 
2 
-58 
5.0 
187 
o 
() I 1 
() 0-\ 
1.77 
2.99 
4.36 
5.64 
Iruce 
9.83 
0.48 
3.-\3 
Max. 
1.3 
2 
o 
2 
125 
6.0 
271 
5 
0.21 
0.21 
2.08 
3.00 
12.75 
6.10 
Iruce 
12.64 
0.77 
3.94 
T2(n=3) 
Min. 
o 
-10 
10 
- I I 
15 
-80 
6.1 
638 
2 
(ruce 
(ruce 
3.47 
0.52 
21.11 
13.33 
0.09 
19.77 
0.03 
0.60 
Max. 
I 
5 
21 
3 
22 
-18 
6.5 
971 
7 
0.05 
2.29 
6.22 
1.54 
38.63 
18.89 
0.48 
28.73 
0.63 
1.98 
TI (n=9) 
Min. 
o 
-30 
-16 
-35 
5 
-47 
5.68 
121 
o 
0.06 
(ruce 
0.70 
0.27 
2.82 
3.92 
Iruce 
7.91 
0.05 
0.72 
Max. 
o 
3 
18 
- I 
19 
263 
6.56 
666 
24 
1.51 
0.28 
2.31 
3.27 
19.38 
8.09 
0.37 
1-\.64 
1-\.07 
3.57 
1111h Marshes 
T2(n=7) 
Min. 
o 
1 
-7 
3 
-72 
5.67 
195 
o 
0.03 
lUll 
0.98 
0.44 
3.93 
4.80 
Iruce 
6.79 
0.02 
(). -\1 
Max. 
o 
13 
18 
12 
8 
87 
6.18 
355 
2-\ 
0.78 
0.38 
2.58 
4.09 
10.33 
7.68 
0.48 
15.73 
0.2-\ 
2.08 
T3(n=4) 
Min. 
o 
-16 
_I 
-39 
4 
-42 
5.70 
234 
1 
0.13 
0.01 
1.30 
0.69 
6.69 
8.33 
(ract.:' 
20.17 
0.04 
0.50 
Max. 
o 
8 
10 
5 
32 
216 
5.95 
403 
26 
0.87 
0.69 
1.86 
2.03 
12.27 
9.21 
0.47 
24.0-\ 
0.43 
2.66 
Nether if71itlaw 
(n=6) 
Min. 
0.0 
o 
o 
o 
o 
-64 
5.25 
146 
o 
0.05 
Irace 
0.75 
0.47 
5.-\2 
5.19 
( race 
11.73 
0.02 
0.49 
Max. 
2.0 
23 
26 
20 
7 
89 
6,33 
1344 
34 
0.76 
0.05 
9.33 
1.40 
90.40 
59.16 
0.19 
131 
0.91 
2.29 
Tarn Afass 
(n=5) 
Min. 
0.0 
-6 
3 
- 1 1 
6 
13 
5.17 
85 
o 
0.0 I 
(rul'l' 
0.5-\ 
0.29 
2.51 
2.5-\ 
IrUl'l' 
I.h 1 
o (), 
I .. ~ l) 
Max 
0.7 
..., 
II 
1 
15 
89 
6.17 
-\36 
18 
0.37 
0.77 
1.86 
1.38 
18.-\9 
5.83 
( run' 
9.71 
0, (1 
7.-\() 
Table 2.3.6 Range of mean site and environmental variable values for 2000 
Variable Endrick Insh Marshes Wood of Cree 
Marshes 
Min. Max. Min. Max. Min. Max. 
Degree of Shading 0 2 0 0 0 , 
-
Water Table Relative to Surface -21 0 -30 -11 -5 
(em) 
Maximum Water Table Relative -4 17 -9 40 14 
to Surface (cm) 
Minimum Water Table Relative -31 -1 -37 -14 4 18 
to Surface (cm) 
Overall Level of Water Table 5 32 5 46 10 40 
Fluctuation (cm) 
Redox (mV) 65 349 95 596 72 192 
pH 5.60 6.30 5.50 6.90 5.40 5.60 
Conductivity (IlS/cm/s-l) 192 533 51 328 112 205 
Bare ground (%) 2 27 2 15 3 13 
Fe (mg I-I) 0.31 3.76 0.04 0.40 0.20 0.98 
Mn (mg j"1) 0.32 3.40 0.05 1.53 0.56 1.04 
Mg (mg j"1) 1.21 2.97 0.43 1.94 1.36 1.61 
K (mg 1-1) 0.39 2.30 0.71 5.91 0.34 2.56 
Ca (mg j"1) 9.33 24.54 1.58 31.20 4.91 6.95 
Na (mg j"1) 6.79 23.26 4.24 8.83 7.89 9.79 
Fluoride (F) (mg j"1) trace 0.24 trace 0.30 0.33 0.39 
Chloride (CI) (mg j"1) 14.93 55.95 12.55 30.11 35.13 42.S I 
Nitrate (N03-) (mg j"1) trace 9.43 trace 6.743 trace 0.21 
Sulphate (Sot) (mg I-I) 1.14 74.91 1.15 10.57 5.40 35.47 
Phosphate (PO/") (mg j"1) 0.01 0.01 trace 0.35 0.02 0.04 
Trace = undetectable at <O.Olmg I-I. 
57 
2.3.3. Water table depths 
During the 3 year course of the study, sites with varying groundwater characteristics were 
sampled (Tables 2.3.4 - 2.3.6). Of the variables measured, average groundwater level \\as 
found to vary spatially, both within sites and between sites, and temporall~. across the 
sampling season(s) (Figures 2.3.1 - 2.3.9). In the context of the following descriptions. 
where the vegetation formed floating mats the term 'ground level' relates to the vegetation 
into which the water level range gauges were anchored (see Section 2.2.1.2), rather than any 
underlying substrates. 
Endrick Marshes (Aber bog) 
Aber bog, which was sampled during 2000, contained stations which had average \\ater table 
levels below ground surface, and stations where water was consistently around ground 
surface level (Figure 2.3.1). Fluctuation around the mean levels was relativeh low for 
stations 2-6, while station 1, which had the lowest average water table level. was the most 
variable. 
Glen Moss 
Glen moss, which was sampled during 1999, exhibited areas with water table levels below 
the ground surface, as well as areas with permanently standing waters (Figure 2.3.2). 
However, the variation in water level between sampling visits was relatively minor, with 
average levels varying by little more than J -2 cm. In addition, maximum negative water 
table depths of approximately 7cm below the ground surface along the first transect (Figure 
2.3.2a) represent a site, which was generally waterlogged, if not permanently inundated. 
Insh Afarshes 
Transect J (lnsh Fen) was sampled for the three year duration of the study. \\ ith the 
exception of station number 2, which was abandoned in 2000 due to localised impact'> upon 
the vegetation related to previous sampling. A relatively dynamic system could be ~ccn 
across the transect during the 1998 season (Figure 2.3.3a), represented by a ma.\il11um. 
average inundation of JO cm at station number 9 (closest to the main channel of the Ri\L'r 
Spey). In contrast, an average water table depth in excess of 20 cm belcn\ ground !'?vel wa" 
observed at the neighbouring station, number 8. This difference \\as due in main tLl thL' 
elevated position of station number 8, but clearly demonstrates the range llf \\ater tab!.? 
variation to be found within a single site. The a\ erage \\ ater table le\ cIs llfstatiofl" 1-7 \\ ere 
less extreme than for stations 8 or 9 in terms of their position relati\ e tll the ground "urL1L'e. 
A relatively high level of variability was seen over the -.;eaSOfl. \\ ith all "tatilH1S e.\(cpt ~ and 
9 being subject to both positive and negati\e \\ater tab!.? !cH'I". 
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Sampling continued during 1999 and 2000, and demonstrated the dynamic of the s: stem 
between years (Figure 2.3.3b and c). Whilst the general pattern of water table Iev~ls 
observed during 1999 were similar to those from 1998, an overall drop in the depth \\as 
observed, in addition to a reduction in the overall variability throughout the year. Average 
water table depths were seen to drop further again during 2000 (Figure 2.3.3cJ. although 
seasonal variability was slightly increased upon 1999. The most marked variation bet\\een 
2000 and the previous two years was a dramatic drop in the average water table depths at 
stations 7 and 9. From being the wettest location along the transect in 1998. station 9 had 
become the second driest on average in 2000. although the degree of variation throughout the 
season remained relatively high. Station 7 also exhibited a lower average water table level in 
comparison to the previous two years, but this was less extreme than for station 9. 
Transect 2 (Tromie Fen) contained only one station at which the average water table level 
was below the ground surface during 1998 (Figure 2.3.4a). This was Station 1, \\hich \\as 
dominated by Sphagnum species. The rest of the transect comprised areas of floating mat 
and open water (see Appendix 3 for representative species). Along the length of the transect 
all stations were inundated during subsequent sampling visits. but the depth of inundation 
appeared to be lower at the two ends of the transect, and higher on average towards the 
middle. In addition, seasonal variability appeared greater overall at the end of the transect 
nearest to the main channel of the River Spey. In contrast to the situation at Insh (en the 
water table levels for 1999 closely mirrored those observed during 1998 (Figure 2.3.4b). It 
should be noted that station number 17 \\as abandoned in 1999 due to loss of equipment. 
The third transect (Bu/uvi/ Fen) monitored at Insh Marshes (during 1999) sloped down 
gradually towards the River Spey. The first station (number 18), located amongst wet 
grassland. was subject to the lmvest average water table level (approximatel: 16cm belo\\ 
ground level) (Figure 2.3.5). Stations 2-~ were more representative of floating mat 
vegetation. and had water table levels that were more stable and continually inundated. 
Lochwill110ch (:1 ird ,\/c'UdOH') 
Transect I. positioned along an area of floating mat. and anchored only at on~ edg~ ~xhibited 
vcry stable water table levels around ground leveL \\ ith onl;. minor fluctuation through the 
season (Figure 2.3.6a). Transect 2 dropped away towards the open \\ater of Castle Selllplc 
Loch. and was characterised by a steadily increasing average \vater table level. running i'n)11l 
approximately 10 CI11 belo\\ ground surt~lce. tL) around 5 elll above (Iigurl' 2._~.hbl. I he Ie\el 
of fluctuation also decreased \\ ith proximity to the open \\ ater. 
Nether Whitlaw Moss 
Observations of water table depth during 1998 (Figure 2.3. 7a). show a variation in depths 
over the length of the transect, but relatively little variation between sampling \ isits. The 
greatest water depths were observed along the first half of the transect. which comprised 
mainly of floating mat. Stations 4-6 were amongst areas with greater Betula scrub CO\ er 
(Appendix 3), and were generally closer to the ground surface. 
Observations for 1999 (Figure 2.3.7b) followed a similar pattern to 1998. although levels of 
inundation were slightly lower at stations 1-4, and were more variable between visits. The 
situation for stations 4-6 was comparable to the previous year, with the low Ie\ els of 
fluctuation indicating that the single point samples for stations 5 and 6 in 1998 were 
probably fair indications of the water table levels during the main growing season of that 
year. 
Tarn Moss 
All of the sample stations were either relatively wet, or were inundated. within a narrow 
band of fluctuation around ground level (Figure 2.3.8). Station number I \\as most counter 
to this trend (being slightly elevated above the rest), but was still a relatively wet location. 
with an average water table depth of 6 cm below ground level, and was the most variable. 
Wood olCree 
As with Tarn Moss. all stations were relatively wet. if not inundated. The main difference 
was however, that the water table at all stations (except number 5) was below ground level 
on average (Figure 2.3.9). A good degree of variability was seen at most stations. with the 
exception of number I. \\ h ich was fairly constant around ground surface level. 
Direct comparisons of the water table depths relative to ground level further demonstrate that 
variety exists within sites. as well as between sites (Figure 2.3.10). Thl: position of Insh 
marsh station water tables in 2000 (Figure 2.3.IOc) (all negative on a\erage) toll()\\ thl: 
patterns shown in Figure 2.3.3. of an overall drying of Insh Fcn during the three year" of thl: 
study. A majority of measurcments were one-off for 1998. \\hik these may help indicak a 
general pattern, they may be less accurate. Therefore. in formal modelling l:.xcrcisc'> in 
subsequent Chapters. the use of the data sets from 1999 and 2000 \\ ill he morl' appr('priatc. 
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Figure 2.3.1 Average water table levels relative to ground surface (±s.e.) across Endrick 
Marshes (Aber Bog) sample stations, 2000. 
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Figure 2.3.2 Average water table levels relative to ground surface (±s.e.) across Glen Moss 
Transects sample stations. (a) Transect 1; (b) Transect 2. 
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Figure 2.3.3 Average water table levels relative to ground surface (±s.e.) across Insh 
Marshes Transect 1 (Insh Fen) sample stations. (a) 1998: (b) 1999: (c) 2000. 
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Figure 2.3.4 Average water table levels relative to ground surface (±s.e.) across I nsh 
Marshes Transect 2 (Tromie Fen) sample stations. (a) 1998; (b) 1999. 
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Figure 2.3.5 Average water table levels relative to ground surface (±s.e.) across Insh 
Marshes Transect 3 (Balavil Fen) sample stations. 1999. 
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Figure 2.3.6 Average water table levels relative to ground surface (±s.e.) accross 
Lochwinnoch (Aird Meadow) Transects sample stations, 1999. (a) Transect 1; (b) Transect 
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Figure 2.3.7 Average water table levels relative to ground surface (±s.e.) across Nether 
Whitlaw Moss sample stations. (a) 1998 (Values for stations 5 and 6 based on single 
samples); (b) 1999. 
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Figure 2.3.8 Average water table levels relative to ground surface (±s.e.) across Tarn Moss 
sample stations, 1999. 
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Figure 2.3.10 Ranks of average water table depths relative to ground surface owr year for 
all stations. (a) 1998 (August data only): (b) 1999: (c) 2000. E = Endrick Marshes: G = Glen 
Moss; I = Insh Marshes; L = Lochwinnoch: N = Nether Whitfaw Moss: T = Tarn Moss: \\ = 
Wood of Cree. 
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2.4. Discussion 
In terms of vegetation composition, and perceived hydrological regimes, a range of \\ etland 
types were studied over the course of the three-year field study The stud' 't b' 
. ) Sl es \\ ere su ~ect 
to a variety of hydrological inputs, and covered a broad transect which ran across Scotland. 
and into northern England. Variability in the size and position of each site as a parcel within 
the surrounding landscape was considered. 
In a study of the hydrology of Wicken fen, UK, by Godwin and Bharucha. (1932). it was 
concluded that varying levels of water table 'excess' were probably mainly responsible for 
controlling the specific communities observed. It appears trom the initial results presented 
in this chapter that the range of water table depths observed are indicative to some deuree of 
o 
the vegetation types present. In addition to average water table levels observed. variation is 
also apparent within the dynamic of the overall groundwater systems studied. For example. 
levels of overall fluctuation, ionic content, and the resultant redox systems (see Section 
1.1.5, Chapter 1), are variable between and within sites. These relationships will be formally 
investigated in subsequent Chapters. 
A study of the development of the Scottish Border Fens by Tratt (1997) demonstrated that a 
number of these fen systems had developed through the process of open water being 
occluded by fringing vegetation over time. Within these basin fens, purely herbaceous mats 
are more liable to move in relation to underlying water table dynamics. and also become 
inundated at times. Those in later stages of succession tend to become wooded and 
stabilised at the margins while less stable areas may still be present towards the centre (also 
see Rieley and Page, 1990). Thus the groundwater dynamic at Nether Whitlaw .\/OSS (one of 
the Border Fens). exhibits this variation across the length of the transect. with the central 
stations being more subject to inundation, and higher levels of fluctuation. than those stations 
towards the edges of the basin. Other sites comprising floating mat vegetation \\ ith all round 
anchorage (i.e. not fringing open water) include Balavil and Trolllie Fens \\ ithin Insh 
Marshes. These areas contain little or no scrub vegetation. and as a result. the \\ater table 
appears to inundate a wider range of stations to some degree (i.e. less stable). In cuntrasL the 
section of free-floating mat studied at Lochwinnoch is not anchored along all its margins. 
and therefore appears to move more freely in relation to the underl) ing water. r\S a rl'"ult. a 
relatively stable situation dominates. with little or no inundation. The km stre"" 
environment is dominated by Glyccria muxilll (I , \\ hich is a competiti\c "pl'cie" (( irime ('{ (// .. 
1988). Whilst variation occurs amongst the mat forming vcgl'tatil)n t) pe". the "tatiun" 
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amongst sites with vegetation anchored in mineral and peat substrates appear to have th~ 
most extreme water table dynamics, in terms of physical variation. 
The sites studied were representative of a range of fen, swamp, and associated mire habitats 
within northern Britain. Therefore the applicability of predictive methodologies produced 
from the data sets collected (and presented in subsequent Chapters) is likely to be reasonably 
good for sites within this biogeographic area. 
Chapter 3: Plant communities of seven northern British wetlands: characterisation by 
groundwater environment and trait variation. 
3.1. Introduction 
3.1.1. Environmental controls on wetland vegetation composition 
Studies of a number of wetlands have produced evidence that the underlying hydrology of 
such systems is often both complex, and difficult to quantify (e.g. Grieve et al., 1995: 
Gilvear et at., 1997). However, on a within-site scale, hydrological and hydrochemical 
regimes of wetlands are major factors driving their vegetation composition and structure. 
(e.g. Godwin and Bharucha, 1932; Sjors, 1950; Gorham, 1953; Ingram, 1967; Damman, 
1978; MaImer, 1986; Mountford and Chapman, 1993). The same factors have also been 
shown to control the distribution of individual wetland plant species (e.g. Legg et ai., 1995b; 
Brown and Scott, 1997; see also Appendix 10), and sequences of succession within wet 
grassland species (Schippers et al., 1999). In the same vein, Buttery et at. (1965) suggested 
that the relative uptake capacity of mineral nutrients by Phalaris arundinacea was reduced in 
relation to increasing anaerobic conditions within the substrate, leading to replacement by 
Phragmites australis within an area of Broadland fens, East Anglia, UK. 
Basin fen systems are subject to hydrological variation, often largely related to soligenous 
(surface runoff and groundwater discharge) and topogenous ('topography made': where 
drainage is impeded and water collects) inputs (Wheeler, 1999). Floodplain wetlands 
however are influenced to varying degrees by additional riverine inputs. The flood pulse 
concept proposed by Junk et at. (1989) suggests that low levels of riverine inundation 
equates to low levels of physical stress (Grime, 1979a; Dickinson and Murphy, 1998), with 
low inputs of nutrients, sediment, or allochthonous seed material, thereby allowing 
domination by competitive species. Vegetation assemblages are controlled in such cases by 
site-specific hydrological variation. Intermediate levels of inundation lead to an increased 
input of seed and nutrient sources, and in combination with intermediate levels of stress 
more diverse species assemblages are favoured. High levels of inundation allo\\ little 
opportunity for deposition of allochthonous loads, or suspended silt and mineral nutrients. In 
addition, species without considerable stress tolerant components to their strategies (Grime. 
1979a; Grime et ai., 1988), are unable to establish within regularly flushed. high stress 
environments, leading to domination by a few species. 
In addition to the work of Junk et al. (1989), a number of recent studies have ill\ estigated the 
explicit interactions between vegetation and aspects of the underlying h~drolog~ (c.g. \\ i1lb~ 
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et ai., 1997; Ross et ai., 1998; Willby et ai., 1998), and specifically with regard to processes 
such as biodiversity maintenance (e.g. Grevilliot et al 1998) From a gl b I . 
. ,. 0 a perspect 1\ e. 
floodplain wetlands have also been afforded more attention within recent years. from the 
biodiversity support maintained through flood-pulse mechanisms (Junk, 2000). and the 
potential impacts upon vegetation and associated biota resulting from the regulation of such 
systems (Murphy et ai., 1999; Agostinho et ai., 2000). 
3.1.2. Wetland plant communities 
Ross (1995) asserts that wetlands can be broadly classified by their nutritional status and 
modes of chemical input (e.g. ombrotrophic, mesotrophic, and eutrophic; acidic and neutral). 
which alludes to the fact that these factors are important controls on floristic composition. 
However, Ross (1995) also indicates that most classifications are in practice based primarily 
upon floristic composition. 
Within studies of wetlands in Britain, a majority of the attention has been paid to the plant 
communities of fen systems, and particularly to rich-fen systems. For example the 
descriptions of freshwater systems by Spence (1964) included a number relating to Scottish 
fens. Studies undertaken by Wheeler (e.g. 1980a,b and c) produced descriptive accounts of 
such vegetation in other areas of Britain, and particularly East Anglia. The intrinsic interest 
of these generally species-rich fen communities is without doubt, but in comparison, species-
poorer wetlands such as marshes have been somewhat neglected (Rodwell, 1995). However, 
as Spence (1964) noted, the distinction between fens and swamps is often blurred, and the 
classification is in effect somewhat arbitrary where one grades into the other. 
The NVC (National Vegetation Classification) (Rodwell, 1991 et seq.) is today generally 
accepted as the standard for British plant community descriptions, to the extent that .. it is 
employed as the main classification for terrestrial habitats in Guidelines for the SelL'clion of' 
Biological SSSIs and has been used to interpret Annex I of the EC Habitats Directive H'haL' 
relevant" (http://www.jncc.gov.uk!species/default.htm). However. the limitations of the 
NVC in standing freshwaters and some bog communities are also recognised. 
The NVC British Plant Communities VOIlllllL' 2, 'Mires and heoths' (Rodwell, 1991) 
identifies six communities of bog vegetation, and a number of poor fen and sedge dominated 
rich fen communities. Volume -I. concerning 'Aquatic communities. swamp.' and fall hcrh 
/ells' (Rodwell, 1995) lists twenty-one swamp communities. and five tall-herb fen 
communities. Despite a greater number of swamp communities being describl'd. Rnd\\ ell 
(1995) states that data on swamps and fens from studies previous to the]\; \'C \\ ere fe\\ in 
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number; with swamps particularly so, due to what the author considers the 'unre\\arding 
nature' of such systems (i.e. often large mono-specific stands). It is also often the case \\ ith 
the NYC descriptions of wetland habitats (Rodwell, 1995), that characterisation of 
environmental variables such as water depth was often based on a single measurement. A 
small number of studies have helped advance the understanding of the response of \\ etland 
vegetation to physical water table characteristics (e.g. Mountford and Sheail, 1989; Blanch 
and Brock, 1994; Brownlow et al., 1994; Rea and Ganf, 1994; Newbold and Mountford. 
1997). However, synthesis of these findings with community descriptions, to give more 
explicit characterisations of the communities has rarely been attempted (e.g. Gowing et al .. 
1998). The indicator values defined by Ellenberg (1988) including scales for a number of 
vascular plants of central Europe, and based on their realised niche have recently been 
subject to renewed interest (e.g. Mountford and Chapman, 1993; Hill and Carey. 1997). 
These values, including the 12-point scale for moisture, have recently been revised by Hill I't 
al. (1999) to be more applicable to British vegetation. 
3.1.3. Measuring variation in defined plant communities 
Within wetland systems there is strong evidence that the hydrological processes operating at 
discrete points within a site, and the vegetation assemblages present are inextricably linked. 
In order to begin to understand the processes underlying a particular ecosystem or habitat, a 
survey of the plant species that occur therein is a useful first step. In this Chapter the study 
sites used during 1998-2000 are described in terms of plant community composition and 
groundwater characteristics measured. In addition, much evidence points to the value of 
measuring 'traits' or 'attributes' within plant populations and communities to gauge the 
influence of underlying environmental gradients (see Chapter 1). A more formal analysis of 
the specific eco-hydrological interrelations of these variables is provided in Chapter 4. The 
chapter ends with a formal discussion section, but due to the nature of community 
descriptions and comparisons, some of the results sub-sections are discursive by necess it) . 
In summary, this Chapter: 
• 
• 
• 
Groups sample sites with floristic similarities, and classifies these grOUpings as 
recognised wetland community types within the British flora. 
Examines temporal variation in the floristics of a number of sites \\ hich were studied for 
more than one year. 
Characterises the various community grOUpings in terms of average hydrological and 
hydrochemical values, and average vegetation variable \alues uSll1g a multi\ariate 
approach. 
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3.2. Methods and Materials 
3.2.1. Data collection and structure 
Species and environmental data for all sites were collected as detailed in section 2.:2. The 
specific environmental variables, collective vegetation variables, and dominant population 
traits measured are detailed in Tables 3.2.1-3.2.3 respectively. All data were tested for 
normality using a Ryan-Joiner test in Minitab v.l1.21. Where data were not normally 
distributed, appropriate transformations were made. Where transformation failed to resolve 
homogeneity of variance amongst residuals, non-parametric tests were subsequently 
employed. Data were collated into species by sample arrays for subsequent analysis. 
3.2.2. Data analysis 
A complementary multivariate approach was taken, employing ordination analysis in 
conjunction with cluster analysis of species data. Gauch (1982) concluded that two specific 
methods, namely DCA and TWINSPAN (see below), were appropriate for analysing 
complex sample by species data arrays. Indirect ordination makes no prior assumption about 
the relationship between the sites, but allows relative similarities and differences to be 
observed (Manly, 1994). This procedure was followed by a characterisation of groups 
produced on the basis of underlying groundwater and environmental variables, dominant 
population traits, and collective vegetation variables. Initial analyses were conducted on 
repeat data for sites across the year in order to identify potential outliers. Following 
verification of repeated site representation in comparable ordination space for the total yearly 
data set, matrices were constructed representing yearly average species by sample arrays. 
3.2.2.1. Ordination o.fspecies data 
Combined species data for all of the study sites was investigated USIng Detrended 
Correspondence Analysis (DCA: Hill and Gauch, 1980), within the CANOCO for \\ indo\\s 
package (ter Braak and Smilauer, 1998). DCA is an unconstrained ordination technique 
whose application is favoured where species data exhibit a Gaussian (i.e. unimodal) response 
curve (Figure 3.2.1: Jongman et aL 1995). This situation is indicated where a gradient 
length of >c.3.0 standard deviations (S.D.) is obtained for the spread of the data along the 
first axis of the ordination. A length of >4 S.D. indicates a strong unimodal response (ter 
Braak and Smilauer, 1998). DCA represents an improvement upon earlier ordination 
methods of ordination such as Reciprocal Averaging (RA: Hill. 197)). It alsl) reduces the 
"arch effect' seen in the forerunner, Correspondence Analysis (C:\). and i~ therefore 
regarded as superior in displaying relationships in ecological data (Hill and (Jauch .Ir .. 1980). 
The default setting for detrending by segments was selected. as it has heen "hown to perform 
consistently better than the alternative method of detrending by polynomials in DCA (ter 
Braak & Smilauer 1998). 
3.2.2.2. Cluster analysis, group characterisation and community class~fication 
TWINSPAN (Hill, 1979), within the VESPAN III package (Malloch, 1997) was used in the 
classification of data into groups. TWINSPAN is a polythetic divisive method. which uSeS 
species abundance rather than presence or absence, and uses the concept of 'pseudD.\pecies·. 
to set the presence of a relative species at pre-determined levels of abundance (Kent and 
Coker, 1995). As percentage data were used, cut levels for pseudospecies scores were set at 
1%, 5%, 10%, and 20%. Final group membership for sites was decided by taking into 
account the relative eigenvalue at each cut level, within the second and third level of the final 
table (Hill, 1979). An eigenvalue of 0 indicates total homogeneity of data, with no patterns 
based on pseudo~pecies abundance, while an eigenvalue of 1 indicates a strong pattern to the 
data, with clearly defined groups. Therefore, any division with an eigenvalue of greater than 
c.O.4 was considered for the basis of two groups, although the two groups might not be very 
well defined. The process is inherently subjective (Kent and Coker, 1995), and therefore. 
groups were re-amalgamated where divisions were not considered to be ecologically 
sensible: for example, where no distinct indicator species was apparent in defining the 
group(s). 
The species data for each site were compared to existing National Vegetation Classification 
(NVC: Rodwell, 1991 et seq.) community classifications using the MATCH computer 
programme (Malloch, 1999). Samples were matched individually, and then as component 
sites within their defined TWINSP AN groups, following production of constancy tables. 
Following allocation of sites to respective groups for each of the yearly average species data 
sets by TWINSPAN. significant differences were determined between average group values 
for environmental variables, dominant population traits, and collective vegetation variables. 
in order to characterise the respective groups. Where data were normally distributed. a one-
way Analysis of Variance was applied to investigate potential significant differences 
between group variable means. Tukey pairwise comparisons were then applied to identit~ 
which groups were significantly different from each other. As a relativel! large number of 
comparisons were involved, the relatively conservative Tukey paim ise test \\as [c.'.;s likely to 
lead to a Type I error. and rejection of the null hypothesis (Ho) than other post-hoc tests (Zar. 
1999). Where data were not normally distributed. and could not be normali"ed \ ia 
transformation. non-parametric tests \\ ere used. ~here group siLes \\ ere n = <5. 
Whitney pairwise comparisons were made bet\\een each pair of grnups indi\ idually. 
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\lal1l1-
\\ here 
all group sizes were n = ~5, the Kruskal- Wallace tests were used, and these were followed 
by non-parametric post-hoc tests in order to determine which groups, if any, differed 
significantly from each other (Zar, 1999). 
Figure 3.2.1 Selection of ordination technique, following initial application of Detrended 
Correspondence Analysis (DCA) to determine length of gradient (LG) (Standard Deviation) 
(adapted from ter Braak and Prentice, 1988). 
Indirect Gradient 
Analysis 
Direct Gradient 
Analysis 
Detrended Correspondence 
Analysis (DCA) 
LG < 1.5 SD 
Linear Response Model 
Principle Component 
Analysis (PCA) 
Redundancy Analysis 
(RA) 
I 
LG> 3.0 SD 
Unimodal Response Model 
Detrended Correspondence 
Analysis (DCA) 
Canonical Correspondence 
Analysis (CCA) 
Table 3.2.1 Environmental variables measured within vegetation assemblages during sampling. See chapter 2 for full description of methodologies. 
Variable Code Method 1998 1999 2000 
Shade index SHA Assessed visually: 0= no shade to 5= heavy shade .I .I .I 
Ground water level (cm) WAT Measured from fixed dipwells (below surface) or from standing water (above) .I .I ./ 
Minimum ground water level (cm)t MIN Measurement taken from minimum-maximum water level gauge .I .I 
Maximum ground water level (cm)t MAX Measurement taken from minimum-maximum water level gauge .I .I 
Degree of groundwater fluctuation (crn)t FLU Measurement taken from minimum-maximum water level gauge .I .I .I 
pHt pH Measured with hand held meter from fixed dipwell .I .I .I 
Conductivity (IlS/cm) CON Measured with hand held meter from fixed dipwell .I ./ .I 
Redox (m V) RED Measured from soil using hand held meter with platinum electrode .I .I 
-..J Fe (mg I-I) Fe Analysed in laboratory .I .I .I 
'J, 
Mg (mg I-I) Mg Analysed in laboratory .I .I .I 
Mn (mg )"1) Mn Analysed in laboratory .I .I .I 
Ca (mg 1-1) Ca Analysed in laboratory .I .I .I 
Na (mg 1-1) Na Analysed in laboratory .I .I .I 
CI (mg I-I) CI Analysed in laboratory .I .I 
K (mg 1-1) K Analysed in laboratory .I .I 
SO/- (mg I-I) SO Analysed in laboratory .I .I 
NO~- (mg I-I) NO Analysed in laboratory .I .I 
PO/ (mg 1-1) P Analysed in laboratory .I 
Table 3.2.2 Collective vegetation variables measured within vegetation assemblages during sampling. 
Variable Code Method 1998 1999 2000 
(calculated I m x 1m guadrat) 
Species richness (S) (m -2) NOSP Number of species counted ./ ./ ./ 
Canopy height (cm) CAHT Three random measurements of vegetation ./ ./ ./ 
Litter cover (%) UTT Estimated by eye ./ ./ 
Stem density (m-2) STDE Three random counts within a IOcm x IOcm quadrat ./ ./ ./ 
Stem diameter (mm) STDI Three random measurements (of any species) at ground level using callipers ./ ./ ./ 
Nearest neighbour distance NENE Three random measurements taken between three pairs of stems, and then scored 1-5. 1 = 0-2cm; 2= ./ ./ 
2.1-4cm; 3= 4.1-6cm; 4= 6.1-8cm; 5= >8cm 
Reproductive structures (n/m2) REPR Three random counts within a I Ocm x 10cm quadrat 
-..] Biomass (g/m2) Harvested, separated from dead material (necromass), cleaned, and dried at 60°C for 1 week 
0\ 
O-IOcm BI Clipped from within a 10cm x 10cm quadrat from ground level to 10cm above ground level ./ ./ 
] 0-20cm B2 As above, between 10cm and 20cm above ground level ./ ./ 
>20cm B3 As above, over 20cm above ground level .I .I 
Total Bt All above values combined .I .I 
Necromass (g/m2) Harvested, separated from live material (biomass), cleaned, and dried at 60°C for I week 
O-IOcm Nl As for BI .I ./ 
10-20cm N2 As for B2 .I ./ 
"20CI11 N3 As for B3 .I .I 
Total Nt As for Bt .I .I 
Standing crop (g/m2) 
O-IOem BNI BI+NI .I .I .I 
] 0-20cm BN2 B2+N2 .I .I .I 
2(Jcm BN3 B3+N3 .I .I .I 
] oiLl] BNt Bt+Nt .I .I .I 
Table 3.2.3 Dominant population traits measured from whole ramets within vegetation assemblages during sampling. 
Variable Code Method 1998 1999 2000 
(~er ramet) 
Height (cm) RamHt Three random measurements taken per quadrat / / / 
Number of leaves Ram Lv Three random counts made per quadrat / / / 
Canopy area (%) Can Using a clear 10cm x 10cm quadrat with 1 cm divisions held directly above canopy; plant / / 
counted where the intersection of two divisions projected down onto the vegetation (i.e. as 
with a pin frame), up to a maximum of 100. Three random counts per quadrat. 
Total leaf area (cm2) RamTLA Scanned using Deskscan software on flat-bed scanner; analysed using customised DeIta- / / / 
TScan software. 
Total leaf length (em) RamTLL As for Ram TLA / / / 
-..J Stem biomass (g) RamSB Separated from rest of ramet, cleaned and dried at 60°C for 1 week / / / 
-..J 
Leaf biomass (g) RamLB As for RamSB / / / 
Reproductive structure biomass (g) RamRB As for RamSB / / / 
Total Biomass (g) RamTB RamSB, RamLB and RamRB added together / / / 
Average seed biomass (mg) SeedB An average weight taken for 10 seeds (or all seeds if<IO) from randomly selected seed / / / 
heads 
Specitic leaf area (cm2/mg) SLA RamTLA divided by RamLB (converted to mg values) / / / 
3.3. Results 
3.3.1. Community classifications 
3.3.1.1. Multivariate classification of the species data 
1998 data 
A DCA ordination of the 1998 specIes abundance and site data (August only, due to 
incomplete data sets for previous months) is shown in Figure 3.3.l. A gradient length of 
4.69 s.d. along axis I indicates.. a complete turnover of species across all sites_ This is also 
true of axis 2, with a gradient length of 5.31 s.d.. A greater level of variation in species 
represented is apparent for the Insh Marsh stations, with the Nether Whit law stations 
clustered to the centre of the ordination space (Figure 3.3.1). A TWINSPAN classification 
of the August 1998 data (Figure 3.3.2; Table 3.3.1) indicates that groupings can be made on 
the basis of station characteristics (ie. indicator species), rather than by geographical 
location, with stations from Insh Marshes being placed into all three groups. Although 
seasonal variation was not taken into account, differing group characteristics can be inferred 
on the basis of the indicator species present. Group I was characterised by Molinia 
caerulea, suggesting waterlogged, acid soils. Group 2 was characterised by Deschampsia 
cespitosa and Filipendula ulmaria, suggesting slightly drier (though still periodically 
inundated) soils. Group 3 was characterised by a dominance of Carex rostrata and 
Menyanthes trifoliata, indicating more permanently inundated conditions 
1999 data 
In order to assess the validity of mulivariate analysis based on yearly average data, an initial 
DCA analysis was conduted on the total 1999 data set (Figure 3.3.3). An axis I gradient 
length of 6.59 standard deviations (s.d.) illustrates a complete turnover of species across 
sample stations. However, two outliers can be seen within the ordination, these being the 
samples from Lochwinnoch station 3 (L3; July and August), which rapidly became 
dominated by shoots of Glyceria maxima as the growing season progressed. Due to the high 
level of dissimilarity of this station to all others, it was removed from the data set for 
subsequent analyses. Following the removal of L3 samples, there was still clearly a 
complete turnover of species represented when the average site and species data for 1999 
was ordinated, suggesting a good range of wetland vegetation types sampled (Figure 3.3.4). 
The first axis had a gradient length of 5.15 s.d., and the second a length of 4.04 s.d .. 
representing complete turnover of species across samples. The use of a\ eraged data trom -"' 
subsequent vegetation samples over the season was validated by a TWINSPAN analysis of 
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all the 126 samples (excluding L3) taken over the year. Only four samples (Glen Moss 5. 
lnsh Marshes 10 and 11,- and Tarn Moss 2) were not consistently classified into the same 
group (Appendix Sa). However, these samples were generally classified in the same group 
for two subsequent months out of the three, suggesting subtle changes in relative species 
abundances within the assemblages present over the growing season. 
Six distinct TWlNSPAN groups were produced for the 1999 species data (Figure 3.3.5: 
Table 3.3.4), with group sizes ranging from n=3 (group 5) to n=11 (group 4). The indicator 
species for group I was Carex lasiocarpa. Other species of the genus were indicator species 
for groups 3 and 4 (c. panicea and C. rostrata respectively) suggesting differences in water 
table levels and relative base and nutrient staus between these three groups. Group 2 was 
characterised by Galium paiustre, perhaps indicating drier conditions. Group 5 was 
characterised by a dominance of Potamogeton polygon((olius, indicating more permanentl~ 
inundated conditions within this group. Group 6 was generally characterised by a larger 
proportion of bryophyte-dominated samples, with dominant species representative of mire 
communities. 
2000 data 
A gradient length of 3.80 s.d. for axis 1 represents a complete species turnover across sites 
(Figure 3.3.5). The gradient length of axis 2 is somewhat shorter at 2.42 s.d.. All station 
samples except one (Insh Marshes, 1) were consistently re-classified within the same 
TWINSPAN group (Appendix 5b), verifying the use of averaged data from over the year. 
Numbers of samples withiJl th~ four TWINSPAN groups produced from the 2000 data 
ranged from n=4 to n=6 (Table 3.3.3). Whilst group 2 did not appear to be distinct from 
group I, this was mainly due to the presence of just one site, visible on the far right of the 
ordination (Figure 3.3.5). In addition, the eigenvalue for the division was 0.41, suggesting a 
degree of difference between the two sites, and the indicator species differed between the 
groups. Therefore groups I and 2 were maintained for subsequent analyses. The dominant 
species within group 1 were Deschampsia cespitosa and Molinia caerulea. suggesting 
waterlogged aad acid soils. Group 2 was characterised by a dominance of Hydroco(r/e 
vulgaris and Menyanthes trifoliata, suggesting slightly more inundated conditions. earn 
aquatilis was dominant within group 3. suggesting regularly inundated conditions. whilst 
group 4 had a number of co-dominant species, indicative of swamp communities. Group 2 
contained sam"les unique to Wood of Cree. and group 4 samples unique to Endrick \larshes. 
However, a number of Endrick samples were also placed into group 3. and lnsh samples 
were split between groups I and 3. This shows that as with previous years. groupmgs were 
based upon species composition rather than geographical location. 
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It should be noted that certain sites were placed into different groups between 1998 and 
1999. For example, during 199&,. all six Nether Whitlaw stations were placed into group 2. 
while during 1999, the sites were split between groups 1, 4 and 5. lnsh Marsh sites :2 and 3 
meanwhile formed a separate group during 1998, but were grouped in with other Insh Marsh 
sites during 1999. Rather than being due to major mis-identifications, which is unlikely. this 
situation might be explained by two factors. Firstly, a general average drawdown of the 
water table level during the growing season was observed for a number of repeat sites (see 
Chapter 2). Secondly, the TWINSP AN groups for 1998 were based solely on data recorded 
in August, while those for 1999 were based on monthly May-August averages. 
Validation of clustering using TWINSPAN 
Some criticism has been leveled at TWINSP AN (eg. McCracken, 1994) where it is argued 
that the algorithms used force hard partitions upon datasets where variation is continuous. 
and that the use of fuzzy clustering techniques (e.g_ see Equihua, 1990) might be more 
appropriate. Simple comparisons were therefore made between the use of fuzzy clustering 
(Bezdek, 1981) and TWINSP AN. Ordination diagrams and group membership for 
classifications undertaken using fuzzy clustering can be found in appendices 6 (a-f). It can 
be seen that the highest fuzzy partition coefficient was 0.65 (on a scale of 0-100) for the 
August 1998 data, and that the coefficients were lower at 0.52 and 0.56 for average 1999 and 
2000 data respectively. In each case the maximum partition coefficient produced only three 
groups, and for all of these there was some degree of overlap, and as with the classifications 
determined by TWINSPAN, not all sites were reclassified within the same groups for 
subsequent months. In addition, certain samples were placed together which were not 
floristically similar. For example, Nether Whitlaw samples 2-5 and Tarn Moss samples 3-5 
were placed into the same group for the 1999 data classification (see Appendix 6). Whilst 
those for Nether Whitlaw were generally visually recognisable as fen habitats (e.g. 
Menyanthes trifoliata and/or Carex spp. dominated), some of those from Tarn Moss were 
evidently mire vegetation. 
3.3.1.2. Species composition of the defined communities 
Tables 3.3.4-3.3.6 show the floristic composition of each of the TWINSPAN groups defined 
for the August 1998 data, and the site average data for 1999 and 2000 (full. unordered data 
sets can be seen in Appendix 3). The tables are sorted to aid comparison between groups. on 
the basis of constant species (categories V and I V). followed by associates (categori~s I-Ill) 
(Rodwell, 1991 et seq.). The relative frequency of each species. indicating the proportion of 
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quadrats within which it was recorded for the defined group(s). and the range of abundances 
at which the species was recorded at within the relative quadrats are given in each table. 
Table 3.3.4 highlights some major differences in floristic composition between the three 
TWINSPAN groups defined for the August 1998 data. Equisetum fluviatile was the only 
species recorded in all three groups, although the abundance overall was generally \ cr~ 
variable. Both groups 1 and 3 are difficult to characterise, due to the small number of 
sample sites for each. Of the two species recorded within both samples for group 1, Molinia 
caerulea had by far the highest abundance at 100%. Eriophorum angustijofium is less 
abundant within the samples. A number of species of Carex, amongst others recorded. are 
more indicative of waterlogged rather than inundated soils. Filipendula ulmaria was the 
only species recorded within all sites placed into TWINSPAN group 3, however abundance 
was highly variable, running from 8 to 80%. A number of other species were found in two 
of the four sites placed within group 3. Some such as Rumex acetosa were at a low 
abundance (4-8%), as were a number of species indicative of waterlogged acid grasslands, 
such as Deschampsia cespitosa and Carex nigra. Succisa pratensis was the only species 
recorded in three of the four sites comprising group 3. This is a species with a relatively 
wide pH and moisture tolerance range. Group 2 was by far the largest for the 1998 data. 
with seventeen sites. Two species only (from n=46) were constant within the group 
(Equisetum fluviatile and Potentilla palustris), but the freqency of both was highly variable. 
Associates within the group, with frequencies in the range of 41-60% (UI) were Gafium 
palustre, Carex rostrata and Menyanthes trifoliata. The latter two species perhaps indicate 
overall wetter characteristics for the constituent sites. A further division, with an eigenvalue 
of 0.48 was considered for the individuals of group 2. This division would have placed I nsh 
Marsh sites 10 and 1 L and Nether Whitlaw sites 1,4 and 6 in a separate group. However. 
there were no indicator species which could be used to define this group separately. but 
differences lay in the presence of occasional bryophytes, perhaps indicating slightly less 
inundated conditions. As this division would not produce what was considered to be distinct 
groups, the larger (n=17) group was maintained for subsequent analyses. The value of the 
TWINSPAN groupings for the 1998 data was perhaps reduced due to the use of species lists 
from the end of the growing season (August) only. However, it helped provide a baseline for 
comparrison to following years findings. 
The floristic characteristics of the TWINSPAN groups produced for the average 1999 
species data can be seen in Table 3.3.5. Six groups were defined. the smallest of \\ hich 
contained average data for the year for three sites (Group 6). and the larg~st of which 
represented eleven sites (Group 4). The ubiquitous nature of Equisl'flinl fluviatile within a 
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number of wetland habitats was again illustrated by its presence in five of the six groups. 
The frequency of the species was high in all groups where it was recorded, except for group 
4, where it was recorded as an associate. However, the abundance of the species \\ithin the 
relative groups where it did form a constant component of the assemblage was highlv 
variable. In groups 2 and 3, for example, abundance was recorded at a maximum of 52%. 
while it was recorded at a maximum of 99% and 83% for groups 1 and 5 respectively. E. 
fluviatile was the only constant species within group 1. A number of associated species were 
indicative of waterlogged, if not inundated conditions. E. fluviatile was also the most 
frequent species within group 2 (although not highly abundant), but Carex aquatilis. Galium 
palustre, Potentilla erecta and Potentilla palustris were also present as constant species. 
Group 3 had the highest number of constant species (n= 13) of all the 6 groups defined, with 
the greatest levels of frequency being recorded amongst Carex nigra. Molinia caerulea and 
Eriophorum angustifolium. Generally inundated conditions were indicated within the 
samples comprising group 4, with Carex rostrata and Menyanthes trifoliata recorded as 
constants. In addition, a number of Sphagnum species were also recorded as associates. C. 
rostrata and M trifoliata were also recorded as constant species within group 5, but the 
group was differentiated from the rest by the presence of Potamogeton polygonifolius (as a 
constant). Group 6 contained only 3 sites, and the most frequent species recorded as a 
constant was Eriophorum angustifolium. A number of ericaceous species were unique to 
this site. 
For the 2000 data (Table 3.3.6), Equisetum fluviatile was once again recorded within all the 
(four) TWINSPAN groups defined. Some of the groups contained repeat sample sites, and 
some comprised entirely new sites. The species was recorded as a constant for groups 1-3, 
and in three out of the four sites representing group 4. Galium palustre was also recorded as 
a constant species throughout all four groups. Five additional species were recorded as 
constants within group 1 sites, but only Carex nigra was recorded at a high level of 
abundance (95%). A number of associates were unique to this group, with the most frequent 
of these being Carex echinata and Deschampsia cespitosa. Group 2 contained by far the 
greatest proportion of constant species (twenty in total). None of these were recorded at an 
abundance greater than 76%, with the majority being recorded at levels of abundance less 
than 50%. Of these constant species, seven were unique to group 2. In addition to E. 
fluviatile and G. palustre, group 3 contained Carex aquatilis and Phalaris arundinacea as 
constant species. C. aquatilis was the only species unique to group J, and \\ as recorded \\ ith 
levels of abundance of up to 100%, and as low as 27°'0. The abundance of P. arllnciill{[c('([ 
did not exceed 35%. In contrast P. arundinaCi'(/ was much more abundant within group 4. 
and was recorded in three out of the four sites. .~ngelica sdvnfris. £pilohillf11 palllslre and 
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Galium palustre were the only three species to be recorded in all f.'our of the 't " II Sl es constItutIng 
group 4. However, the recorded abundance of G. palustre only just exceeded 50%. while the 
abundance of the other two species was much lower. Four species were unique to group .f. 
3.3.1.3. Comparison to existing community classifications 
1998 
The Match coefficients for individual stations for all year scan be found in Appendix 7. A 
range of matches to NYC community types are displayed, but with few exceptions the 
coefficients are low, indicating poor fits with existing classifications. This was not 
surprising whilst attempting to match single samples, and therefore the combined data 
comprising the defined TWINSPAN groups was also matched (Tables 3.3.7a-c). For the 
August 1998 data match coefficients were again generally low. For group I the highest 
match (34.7) was to an M9 Carex rostrata-Calliergon cuspidatumlgiganteum mire (Table 
3.3.7a). Eight of the eleven species in group I were listed within the NYC tables. Whilst the 
samples appear to fit most conveniently into this community, it is difficulty to classifY the 
group with any degree of certainty, due to the small sample size. 
Group 2 was most closely matched to the S27a Carex rostrata-Potentilla palustris tall herb 
fen community, Carex rostrata-Equisetum fluviatile sub-community, with a coefficient of 
55.7. Twenty two of the fourty seven species recorded in group 2 were listed in the NYC 
tables for this sub-community type. A majority of those species which were not common to 
both group 2 and the NYC tables were occasionals rather than constants. The frequency and 
abundance of both Equisetum fluviatile and Potentilla palustris in group 2 was comparable 
to the described S27a community (Rodwell 1995). Carex rostrata, Galium palustre and 
Menyanthes trifoliata were all present within group 2, but were recorded at generally lower 
frequencies than for the described S27a NYC community. 
Group 3 for the August 1998 data gave a relatively good match to the M27 Filipendu/a 
ulmaria-Angelica sylvestris mire, with a match coefficient of 49.5, despite only comprising 
four samples. Of a total of twenty-five species recorded. fifteen were listed \\ ithin the 
community description. Filipendula ulmaria was the only species be recorded in all four 
samples, and is the only species listed as a constant within the M27 community description 
(Rodwell, 1991). All species recorded in group 3. but not listed in the NYC tables \\ere 
occasionals with a frequency of I. with the exception of Hoiclis lanallls. \\ hich had a 
frequency of 2. All of these species were recorded at low levels of abundance. 
8~ 
1999 
Group 1 for the mean 1999 data contained stations 7 and II from Insh Marshes. which had 
been placed in groups 1 and 3 respectively for the August 1998 data (Tables 3.3.1 and 3.3.2): 
all other members were from new sites. The highest match (49.1) was to a S27a Carex 
rostrata-Potentilla palustris tall herb fen, with a Carex rostrata-Equisetum fluviatile sub-
community (Table 3.3. 7b). Carex rostrata was in fact absent from the group, but Carex 
aquatilis was present as an occasional, with an abundance of up to 100%. As Rod\\ ~11 
(1995) states, C. aquatilis, or C. vesicaria can dominate the S27a community. C. vesicaria 
was also present, again as an occasional, but with a high abundance. Equisetum flu\'iatile 
was the only constant species recorded within the group, with Galium palustre. Menyanthes 
trifoliata and Potentilla palustris all being recorded as occasionals. Once again. this is a 
situation which can be representative of the S27a community. Within the group eighteen 
species from a total of thirty were listed within the NYC community tables. Those which 
were not had all been recorded as occasionals. 
Group 2 gave the highest match (50.3) to a M23b Juncus effususlacutiflorus-Galium palustre 
rush pasture with a Juncus effusus sub-community. As with group 1, some stations which 
had been grouped together in the previous year were once again grouped together (I nsh 
Marsh 4 and 9; Tables 3.3.1 and 3.3.2), but several were not. Equisetum fluviatile was 
recorded as a constant species, but in the community listings it is recorded as an occasional 
(Rodwell 1991). In addition, C arex aquatilis was also recorded as a constant, but is not 
present in the community listings. However, both Galium palustre and Potentilla palustris 
were recorded as constant species. Of a total of forty-one species recorded. twenty-five were 
present within the M23b community listings. With the exception of Carex aquatilis, all 
those not listed were recorded as occasional species. 
Group 3 contained some stations which had previously been grouped together for the August 
1998 data, and some which had not (Tables 3.3.1 and 3.3.2). The group was most closely 
matched (52.5) to a M9b Care."'" rostrata-Calliergon cuspidatumlgiganteum mire \\ ith a 
Carex diandra-Calliergon giganteum sub-community. Although Calliergon giganteum \\as 
not recorded, Carex diandra was. albeit as an occasional species. and with a relatively !em 
abundance. Cardamine pratensis. Eriophorum angust~folium and Epilobium palusrre \\ere 
recorded as constant species. This. along with the general levels of abundance of thes~ three 
species was consistent with the listings for the M9b description. A number of species \\ ere 
recorded as constants in addition to those listed in the community description: notabl~ 
Calliergon cuspidatum, but also Carex panicea. Carex nigra. Afolinia cuaulea. POfentilla 
erecta and Ranunculus lingua. Carex rostra/a and Afeflmnlhes Irifi.J!ia{([ on the other hand 
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were recorded as occasionals. The additional presence of Equisetum fluviatile as a constant 
species may indicate a zonation of the community to a state where this species would begin 
to become dominant (Rodwell, 1991). Of a total of fourty-nine species, twenty-two were 
listed within the M9b tables. All of those not listed were recorded as occasionals. However. 
it should be noted that the M9b community description is based on only twenty-four samples 
(Table 3.3. 7b), and therefore there was greater scope for picking up previously undescribed 
variations. 
Group 4 was most closely matched to a S27a Carex rostrata-Potentilla palustris tall-herb fen 
with a Carex rostrata-Equisetum fluviatile sub-community (coefficient: 50.5). All stations 
witin the group were new, with the exception of Nether Whitlaw 4, 5, and 6, which had 
previously been grouped together during 1998. Unlike Group 1, Carex rostrata was present, 
and was recorded as a constant species with up to 100% frequency in some cases. Potentilla 
palustris and Menyanthes trifoliata were also recorded as constant species, which was 
consistent with the community listings. Angelica sylvestris and Galium palustre however 
were only recorded as occasionals. Of the forty-two species recorded for the group, twenty-
two were consistent with the S27 community listings, and those that were not were all 
recorded as occasional species. A notable example of one of these extra species was 
Lysimachia vulgaris, which comprises a constant component of the S27b sub-community (to 
which the species also lends its name). However, within group 4 this species was only 
recorded as an occasional. 
Group 5 was most closely matched (53.2) to a S9b Carex rostrata swamp with a Menyanthes 
trifoliata-Equisetum fluviatile sub-community, and the group comprised stations which had 
all been grouped together during 1998 (Tables 3.3.1 and 3.3.2). The presence of Carex 
rostrata and Menyanthes trifoliata as constant species was consistent with the S9b 
community listings. Carex nigra, Potamegeton polygonifolius and Potentilla palustris were 
also recorded as constant species rather than occasionals, whilst Potentilla erecta, which is 
not present within the S9b listings was also recorded as a constant species. The presence of 
Equisetum fluviatile as a constant species rather than an occasional within this group may be 
linked to two factors: firstly, the S9 community is seen to to grade into the S27 communit~. 
within which the species is a constant, and secondly, it is often difficult to separate the S9 
community from the S 10 Equisetum fluviatile swamp community (Rodwell. 1995). In 
addition, this community was also based upon relatively few samples (n=31). The group 
comprised twenty-one species in total, of which nine were listed within the S9b communti~ 
description. All those species not present in the listings were recorded as occasionals \\ ith 
relatively low abundance scores, with the exception of Potentiila aceta. and alsll 
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Ca/ypogeia meullerana and Carex chordorrhiza, which were recorded as occasionals. but 
with 100% abundance. 
Group 6 comprised only three samples, but gave a best match (50.0) to a M2 Sphagnum 
cuspidatumlrecurvum bog pool community, which itself was based upon only 14 samples. 
All three stations from which the samples were taken were new during 1999 (Table 3.3.2). 
Neither Sphagnum cuspidatum nor Sphagnum recurvum were recorded in the samples taken. 
Two other species, Sphagnum palustre and Sphagnum teres were present, and were listed 
within the M2 community description. Eriophorum angustifolium was also present within 
all three samples, which was consistent with its status as a constant species within the 
community description (Rodwell 1991). As with other small groups, difficulty arose in 
definate matches to existing community descriptions. However, ten of the total of twenty-
one species recorded were listed within the community description. and those not were again 
generally (though not exclusively) of low frequency and abundance. 
2000 
Group I for the mean 2000 vegetation data (Table 3.3.7c) comprised samples from lnsh 
Marsh stations which had been placed into the same group in the previous year, with the 
exception of station 8 (Tables 3.3.2 and 3.3.3). The group had the highest match to a M5 
Carex rostrata-Sphagnum squarrosum mire (coefficient: 45.0). As with previous examples, 
this community itself was based on only a small number of samples (n=22). Carex rostrata 
was recorded as an occasional only. with an intermediate abundance. and Sphagnum 
squarrosum was not recorded. However. characteristic of this community, Carex nigra and 
Eriophorum angustifolium were recorded as constant species. Caltha palustris, Equisetum 
fluviatile, Galium palustre, Ranunculus flammula and Viola palustris were also recorded as 
constants within the group, but are only represented as occasional species in the M5 
community description. Conversely. Potentilla palustris was recorded as an occasional 
species rather than a constant. The presence of Equisetum fluviatile as a constant component 
of the assemblage may be due to the fact that the M5 community is often fronted by the S I 0 
Equisetum fluviatile community (Rodwell, 1991). Of the thirty species recorded in total for 
the group, seventeen were listed within the community description. Those species recorded 
but not listed in the community descriptions were all recorded as occasionals. and with the 
exception of Deschampsia cespitosa. had low levels of abundance within the samples. 
Group 2 had the second highest match to a S27a Carex rostrata-Pofentilla pa!ustris tall herb 
fen with a Carex rostrata-Equisetum fluviatile sub-community (coefficient: 50.4 l. Whilst a 
match to an M9 community was slightly higher at 50.6. the habitat was considered more 
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reresentative of a fen, with a gradual gradation from Salix woodland to open \\ater. Previous 
surveys have also described the site as a good example of a transitional fen system (Paul 
Collin, R.S.P.B., pers. com. 2000). All of the stations were newly sampled during 2000 
(Table 3.3.3). The presence of Carex panicea. Equisetum fluviatile. Galium palustre. 
Mentha aquatica. Menyanthes tr({'oUata and Potentilla palustris as constant components of 
the group assemblage was consistent with the S27a community description. However. 
Agrostis stolon (lera. Angelica sylvestris, Caltha palustris. Carum verticillatum. Hydrocotyle 
vulgaris, Filipendula ulmaria, Ranunculus flammula and Viola palustris were also recorded 
as constants rather than occasional species. In addition, Achillea ptarmica. Junclis 
acutiflorus, Sphagnum papillosum and Succisa pratensis were all recorded as constant 
species, but do not appear in the listed species for the community description. Rodwell 
(1995) states that Filipendula ulmaria might be locally dominant within the community 
where it grows on alluvial banks deposited alongside moving water (the Wood of Cree 
stations comprising this group are periodically inundated by the River Cree). Of the thirty-
five species total recorded for the group, twenty-two were listed within the S27a community 
description. The presence of additional species recorded as dominants may either represent 
new samples, or be due to the fact that the S27 community is considered difficult to define 
(Rodwell, 1995). 
Groups 3 and 4 both gave highest matches to a S 11 Carex vesicaria swamp community, with 
coefficients of 58.7 and 53.8 respectively. Group 3 comprised two stations which had been 
grouped together in the previous year, along with stations from sites new in 2000, while 
group 4 comprised exclusively new sites. Floristic differences between the groups led to 
them being kept separate rather than re-amalgamated in order to investigate potential 
differences between underlying environmental variables. In addition, the S 1 1 community 
description was based upon only 18 samples. The possibility of the samples comprising new 
records therefore needed to be considered. 
Group 3 contained Carex aquatilis, Equisetum fluviatile. Galium palustre and Phalaris 
arundinacea as dominant species, which was consistent with the community description 
listings. The absence of Carex rostrata and presence of Carex aquarilis appeared to 
represent an intermediate state between the two defined sub-communities rather than 
typifying one or the other. Whilst Carex aquatilis was absent from group 4 (the species can 
dominate locally: Rodwell, 1995), Carex rostrata was present in three of the four samples 
taken. Angelica sl'IVl!stris was also present within all the samples comprising group 4. but 
absent from group 3. Apart from these floristic dissimilarities and the presence or absence l)f 
a few occasional species recorded with low levels of abundance. the t\\O groups \\ ere 
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otherwise comparable. For group 3, eleven of the seventee' . n species recorded were listed 
within the community description, and in group 4 this was the I' h' . case lor t Irteen spec ies from 
a total of twenty. As with the case for the groups described p . I h . . revlOus y, t e spec Ies not lIsted 
were generally, but not exclusively recorded as occasionals w'th I b d 
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Figure 3.3.1 DCA ordination diagram of August 1998 vegetati on data , show ing pos iti ons of 
individual sample stations (i= Insh Marshes; n= Nether WhitlawMoss). and of representative 
species (s ix letter abbreviations represent species listed in Ta ble 2.3. 1). The gradi ent are 
4.69 sd for axis I, and 5.31 sd for axis 2; total inertia = 6.33, eigenva lues of axes 1-4 are 
0.74, 0.46, 0.29, 0.17 respectively. Cumulative percentage va riance of spec ies data i 11.7 
for axis I, 7.3 for axis 2 (26.3 for all 4 axes) . 
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Figure 3.3.2 DCA ordination diagram of vegetation data for the 23 sites sampled in August 
1998. The gradients are 4.69 sd for axis I, and 5.31 sd for axis 2; total inertia = 6.33 , 
eigenvalues of axes 1-4 are 0.74, 0.46, 0.29, 0.17 respectively. Cumulative percentage 
variance of species data is 11.7 for axis 1, 7.3 for axis 2 (26.3 for all 4 axes). TWINSPAN 
groups are shown. For site representation within groups see Table 3.3.1. 
Table 3.3.1 Site representation within relative TWfNSPAN groups for August 1998 
vegetation data showing indicator species (dominant within group. If present within other 
groups, infrequent, and with lower pseudospecies score); I = Insh marshes; N = Nether 
Whitlaw moss. 
TWINSPAN Membership Dominant/ indicator species 
group 
I I: 2, 3 Molinia caerulea 
(n=2 ) 
2 I: 1, 5, 9, 10, II , 12, Carex rostrata 
(n= 16) 13 , 15 , 16, 17, Menyanthes trijoliala 
N: 1-6 
3 \: 6, 7, 8, 14 Filipendula ulmaria 
(n= 4) Deschampsia cespilosa 
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Figure 3.3.3 DCA ordination diagram of vegetation data for the 43 sites sampled in June, 
July and August 1999 (129 data points in total), showing the relative position of 
Lochwinnoch site no.3 ; a-c = June-August. The gradients are 6.59 sd for axis I, and 5.55 sd 
for axis 2; total inertia = 11 .00, eigenvalues of axes 1-4 are 0.83 , 0.64, 0.50, 0.40 
respectively. Cumulative percentage variance of species data is 7.5 for axis 1, 5.9 for axis 2 
(21.5 for all 4 axes). 
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Figure 3.3.4 DCA ordination diagram of vegetation data for 42 sites sampled in June, July 
and August 1999 (Lochwinnoch site nO.3 removed); The gradients are 5.15 sd for axis I , 
and 4.04 sd for axis 2; total inertia = 7.91 , eigenvalues of axes 1-4 are 0.67, 0.48, 0.36, 0.27 
respectively. Cumulative percentage variance of species data is 8.6 for axis 1, 6.1 for ax is 2 
(22 .8 for all 4 axes). TWINSPAN groups are shown. For site representation within groups 
see Table 3.3 .2. 
Table 3.3.2 Site representation within relati ve TWIN SPAN groups for average 1999 
vegetation data showing indicator species; G = Glen moss; I = Insh marshes; L = 
Lochwinnoch; N = Nether Whitlaw moss; T = Tarn moss. 
TWTNSPAN group 
I 
(n=6) 
2 
(n=9) 
3 
(n=7) 
4 
(n= II ) 
5 
(n= 6) 
6 
(n=3) 
Membership 
I: 7, II 
L: 1, 2, 4 
N:I 
I: 4, 8, 9, 18, 19 
L: 5, 6 
T : 1, 2 
I: 1, 2, 3, 5, 6, 10, 14 
<J: 1, 2, 3, 5, 6 
I: 20, 2 1 
N : 4, 5, 6 
T : 3 
I: 12, 13, 15, 16 
N : 2, 3 
<J : 4 
T: 4, 5 
9 1 
Dominant/indicator species 
Carex lasiocarpa 
Galium palustre 
Carex panicea 
Carex rostrata 
Potamogetol1 po~~goni(o/io us 
Vacc inium oXYCOCC IiS 
Eriophorllm an~lIs / [fo l i um 
Cal/una \ ' II I~aris 
Erica lelralix 
+4.0 r---:---------------____ ~ 
-2.5 
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Figure 3.3.5 DCA ordination diagram of vegetation data for 20 sites sampled in May, June 
and August 2000. The gradients are 3.80 sd for axis 1, and 2.42 sd for axis 2; total inertia = 
3.30, eigenvalues of axes 1-4 are 0.58, 0.32, 0.13, 0.06 respectively. Cumulative percentage 
variance of species data is 17.7 for axis 1, 9.5 for axis 2 (33.2 for all 4 axes) . TWINSPAN 
groups are shown. For site representation within groups see Table 3.3 .3. 
Table 3.3.3 Site representation within relative TWINSPAN groups for average 2000 
vegetation data showing indicator species; I = Insh marshes; W = Wood of Cree fe n; E = 
Endrick marshes. 
TWTNSP AN group 
I 
(n=5) 
2 
(n=6) 
4 
(n=4) 
Membership 
I: 1,3,5, 6, 8 
W: 1-6 
I: 4, 7, 9 
E:2,3 
E: 1, 4, 5, 6 
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Dom inantlindicator species 
Deschampsia cespitosa 
Molinia caerulea 
Angelica sylvestris 
Equisetum fluviatile 
Hydrocotyle vulgaris 
Menyanthes trifoliata 
Carex aquatilis 
Carex rostrala 
Epilobium palustre 
Equisetum fluviatile 
Galium palustre 
Phalaris arundinacea 
Table 3.3.4 Floristic table showing the frequency (and abundance) of plant species occurrin£ 
within the relative groups (0) delimited by TWINSPAN for August 1998 data. I = 0-20~o: Ii 
= 21-41%; III = 41-60%; IV = 61-80%; V = 81-100%. (S)= sapling 
Gl G2 G3 
(n=2) (n= 17) (n=4 ) 
Equisetum fluviatile 1 (16) IV (8-100) 2(12-36) 
Potentilla pafustris 1 (8) IV (4-76) 2 (16-36) 
Gafium palustre III (4-80) :2 (4) 
Carex rostrata f1I(4-100) 
Menyanthes trifoliata III (4-100) 
Sphagnum squarrosum II (8-100) 
Agrostis stolonifera II (4-64) :2 (80-100) 
Cardamine pratensis 1 (4) 11(4-24) 
Epilobium palustre 11(4-24) 1 (4) 
Carex lasiocarpa II (4-100) 
Carex nigra II (4-100) :2 (12-20) 
Potamogeton polygon~rofius II (4-100) 
Ranunculus flammula 1 (12) 1 (8-52) 1 (16) 
Carex demissa 1 (60) 1 (8-48) 1 (8) 
Phragmites australis 1 (84-100) 
Caltha palustris 1 (4) 1 (8-18) 2 (4-20) 
Bryum pseudotriquetum 1 (8-16) 
Pfagiomnium rostratum 1 (8-16) 
Oenanthe lachenalii 1(8-12) 
Ranunculus lingua 1 (8-12) 
Lemna minor 1 (8) 
Pellia epiphylla 1 (8) 
Phalaris arundinacea I (8) 1 (16) 
Filipendula ulmaria 1(72) 4 (8-80) 
Succisa pratensis 3 (4- 12) 
Holcus fanatus I (4-76) 2 (8-32) 
Viola palustris 1 (72) :2 (8-28) 
Carex vesicaria 1 (12) 1 (4-8) 2 (60-100) 
Rumex acetosa 1 (4) 2 (4-8) 
Juncus errusus 
2 (20-32) 
Deschampsia cespitosa 2 (20-100) 
Ranunculus repens 
2 (16-20) 
Carex echinata 1 (12) 1 (8) 
Achilea ptarmica 
1 (8) 
Eriophorum angustijolium 2 (8-28) I (4-92) 1 (4) 
i\1olinla caerufea 2 (100) 
Poa t,.ivialis 1 (8) 
1 (4) 
Carex panicea 1 (52) 
Call1pl'lillln stel/atlll11 
I (4) 
1 (20) 
rOaleriana otflcinalis 
Table 3.3.4 continued 
GI G2 G3 
Juncus articulatus r (12) 1 (12) 
Angelica sylvestris 1 (12) 
Au/ocomnium palustre r (6-8) 
Betula pendula (S) 1(6-16) 
Carex chordorrhiza r (6-100) 
Myrica gale 1 (56) 
Salix cinerea (S) 1 (4-8) 
Utricularia vulgaris 1 (4-8) 
.funcus bufonius 1(4-16) 
Stellaria alsine r (4-12) 
Festuca rubra 1 (4) 
Marchantia polymorpha 1 (4) 
Scorpidium scorpioides 1 (4) 
Veronica anagallis-aquatica 1 (4) 
Sphagnum palustre 1 (32) 
Pedicularis palustris 1 (20) 
Sphagnum recurvum I (16) 
Carex aquatilis 1 (12-100) 
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Table 3.3.5 Floristic table showing the frequency of plant species occurrinl! within the 
relative groups (G) delimited by TWINSPAN for mean 1999 data. I = 0-20%: 11 = 21--+ 1 %: 
III = 41-60%; IV = 61-80%; V = 81-100%. (S)= sapling. 
Gl G2 G3 G4 GS G6 
(n 6) (n-9) (n-7) (n=ll) (n=6) (n=3) 
Equisetum fluviatile V (11-99) V (1-49) V (3-S2) II (3-49) V (1-83) 
Angelica sylvestris III (1-S) II (4-24) I (1S) 1(4) 
Carex aquatilis III (9-100) IV (3-100) I (83) 
Galium palustre III (4-37) IV(IS-61) IV(I-13) 11(1-12) I (8) 
Potentilla palustris I (S) IV (8-67) IV (S-3S) IV (1-100) IV (S-37) I (3) 
Potentilla erecta IV (1-33) V (1-24) III (1-12) IV (3-13) 
Carex nigra II (4-8) III (S-II) V (3-9S) I (3) IV (1-33) 
Caltha palustris I (5) II (1-8) V (1-24) I (I) 
Molinia caerulea II (5-7) V (8-87) I (11) :2 (3-2-+) 
C arex panicea I (4) V (8-44) I (20) II (1-7) 
Ranunculus lingua I (39) V (1-29) 
Eriophorum angust(folium V (3-80) III (1-92) II (1-9) 3 (2-+-99) 
Epilobium palustre III (1-48) II (4-28) IV(I-9) 11(3-11) 
Cardamine pratensis II (1-3) I (12) IV (1-12) 
Carex echinata IV(4-31) I (3-4) I (S) 
Carex rostrata II (3-99) III (1-27) V (11-100) V (3-100) I (29) 
Menyanthes trifoliata III (7-93) I (1) I (2S) V (12-100) V (5-100) I (72) 
Potamogeton polygonifolius V (11-83) 
Sphagnum palustre I (95) III (11-100) 2 (SI-9S) 
Drosera rotundifolia I (36) 2 (3) 
Vaccinium oxycoccus I (S) 2(64-72) 
Polytrichum commune I (2S) III (1S-27) 2(11-13) 
Dactylorhiza majalis II (4-7) 2 (1-7) 
Calluna vulgaris 
2(7-31) 
Erica tetralix 
2 (-+-2-+) 
Carex diandra III (1-29) II (II-IS) I (3) 
Juncus ejJusus III (3-68) I (11) I (4-91) I (7) 
Calypogeia muellerana I (3) I (3-8) I (7) 
Phragmites australis I (89) I (3) I (88) I (100) I (67) 
Juncus articulatus I (I) 
I (3) 
Andromeda pol (folia I (27) I (17) 
Erica cinerea I (97) 
Sphagnum teres 
Vaccinium myrtillus 
I (3) 
Lysimachia vulgaris 11(3-24) 
Agrostis stolon(fera I (-+) I (3) III (4-28) I (7) 
Holcus lanatus II (35-39) II (IS) I (32) 
Festuca rubra I (13) II (3) I (4) 
Salix cinerea (S) I (I) I (I) I (I) 
Stellaria holostia I (S) I (-+) I (I) 
Pedicularis palustris I (9) I (-+) 
I I (-+) 
Sphagnum squarrosum I (83) I (25) 
Galium aparine I (3) I ( I ) 
I (7) 
Carex lasiocarpa III (13-95) I (-+-+) 
I (-+9) 
A ulocomnium palustre I (7) I (I) 
L('nl1w minor I (27) 
I (31) 
Ranunculus flammula I (12) ( ( 12) 
Utricularia vulgaris I (I I) 
I (II) ((((\9-29) 
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Table 3.3.5 continued. 
G1 G2 G3 G4 G5 G6 Betula pendula (S) 
I (3) Carex limosa 
I (29-95) 
Hvdrocotyle vulgaris 
I (51) 
LYlhrum salicaria 
I (7) Oenanthe lachenalii 1(5-13) 
Poa trivialis 
I (3) III (16-27) Scorpidium scorpio ides I (96) 
Viola palustre 
" (I3-19) III (5-33) 
Filipendula ulmaria III (5-57) 1(40) III (1-63) 
Knautia arvensis II (3-4) 
" (1-11) 
Valeriana ojJicionalis II (28-36) 
" (3-15) 
Calliergon cuspidatum 
" (1-3) Myrica gale II (1-45) 
Phalaris arundinacea 
" (20-37) II (7-29) I (3) 
Rumex acetosa II (8-29) I (II) 
Juncus bufonius I (13) I (1) 
" (1-12) Sphagnum cuspidatum II (20-28) 
Agrostis capillaris I (3) 
Carex chordorrhiza I (15) I (100) 
Carex ovalis I (3) 
Eurynchium praelongum I (3) 
Fissidens adianthoides I (3) 
Deschampsia cespitosa I (8) II (12-81) 
Ranunculus repens 1(29) 
" (5-31) 
Juncus acutiflorus II (12-100) 
Achillea ptarmica I (5) 
Myosotis scorpioides I (1) 
Polygala serpyllifolia I (3) 
Pseudoscleropodium purum I (5) 
Rhytidiadelphus squarrosus I (7) 
Trifolium repens I (8) 
Veronica ojJicinalis I (1) 
Cerastiumfontanum I (3) 
Iris pseudacorus 
" (4-9) 
Carex vesicaria I (99) 
Dryopteris dilatata I (33) 
Lysimachia thyrsiflora I (15) 
Sphagnum papillosum I (8) 
Succisa pratensis I (1) 
Typha latifolia I (32) 
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Table 3.3.6 Floristic table showing the frequency of plant specie~ occurring within the 
relative groups delimited by TWINSPAN for mean 2000 data. 1= 0-20%: II = 21-41%: "' = 
4 I -60%; IV = 6 I -80%; V = 81-100%. (S)= sapling. 
GI G2 G3 G4 
(n-5) (n=6) (n=5) (n=4) 
Galium palustre V (3-25) V (3-13) IV (3-47) 4 (27-52) 
Equisetum fluviatile IV(I-12) V (21-76) V (4-13) 3 (57-100) 
---
Caltha palustris IV (3-25) V (3-5) III (4-33) I (8) 
Carex nigra V (12-95) II (I) III (4-5) 
Eriophorum angustifolium IV (I -20) III (4-12) 
Ranuneulus jlammula IV (1-12) IV (4-12) I (37) 
Viola palustris IV (5-23) V (4-13) 
Cardamine pratensis III (1-7) III (I) I (5) 1 (I) 
Carex eehinata III (3-27) 
Carex panicea III (1-19) V (16-44) 
Filipendula ulmaria III (5-65) V (4-43) I (23) I (I) 
Molinia caerulea III (3-25) V (3-27) 
Potentilla palustris III (15-29) V (16-45) IJ(8-31) 2 (4-32) 
Agrostis stolonifera I (3) V (1-4) 
Angelica sylvestris V(5-16) 4 (4-16) 
Carum verticil/alum V (7-23) 
Hydroeotyle vulgaris V (21-59) 
Mentha aquatica V (8-21) I (33) 
Menyanthes trifoliata V (29-75) I (67) 
Succisa pratensis V (3-13) 
Sphagnum papillosum III (1-8) IV(5-19) 
Achillea ptarmica II (I) IV (3-8) 
Juncus acuti/Zorus IV (4-29) 
Polamogeton polygonifolius IV (3-23) 
Carex aquatilis V (27-100) 
Epilobium palustre III (I) III (1-9) 4 (8-33) 
Phalaris arundinacea II (3-33) III (1-43) IV (3-35) 3 (47-100) 
Lysimachia thyrsiflora I (I) 3 (13-23) 
Carex rostrata I (40) III (1-13) 3 (40-69) 
Oenanthe lachenalii 
3 (1-4) 
Carex vesicaria III (3-75) 3 (33-49) 
Valeriana ojJicinalis I (3) III (I) I (I) 
Epilobium hirsutum 
I (3) 
Typha lat?folia I (16) 
Myosotis scorpiodes 
I (9) I (3) 
1 (27) 
Lemna minor 
Ranuncullls repens II (8-12) 11(1-24) 
Juncus effusus II (1-44) I (5) 
Festuca rubra I (13) 
I (8) 
('arex diandra I (5) II (11-16) 
('arex lasiocarpa II (12-33) 
Lylhrum salicaria II (1-3) 
i'lfl'riw gale I (13) I (21) 
Eleocharis palustris I (I ) 
Holcus lana/us I ( I ) 
Lycoplls ellropa(,lIs I ( I ) 
"emnica otjicinalis I ( 1 ) 
Deschampsia c('spitosa III (19-87) 
Table 3.3.6 continued 
Juncus bufonious 
Lychnis jlos-cuculi 
Phragmites australis 
Rumex acetosa 
Salix cinerea (S) 
GI 
I (I) 
I (5) 
1(65) 
I (I) 
I (I) 
G2 G3 G4 
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-.0 
-.0 
Table 3.3.7 Summary of National Vegetation Classes designated for defined TWINSPAN groups for (a) August 1998 vegetation data; (b) mean 1999 
vegetation data; (c) mean 2000 vegetation data. tCoefficient range 0-100; higher coefficient score = closer match 
(a) 
(b) 
(c) 
Group 
1 
2 
3 
Group 
1 
2 
3 
4 
5 
6 
(iroup 
J 
3 
4 
Community 
M9 Carex rostrata-Calliergon cuspidatumlgiganteum Mire 
S27 Carex rostrata-Potentilla palustris Tall-herb fen 
M27 Filipendula ulmaria-Angelica sylvestris Mire 
Community 
S27 Carex rostrata-Potentilla palustris Tall-herb fen 
M23 Juncus efJususlacutiflorus-Galium palustre Rush-pasture 
M9 Carex rostrata-Calliergon cuspidatumlgiganteum Mire 
S27 Carex rostrata-Potentilla palustris Tall-herb fen 
S9 Carex rostrata Swamp 
M2 Sphagnum cuspidatumlrecurvum Bog pool community 
Community 
M5 ( 'an.:'x rostra/a-SphaRnum squarrosum Mire 
sn ('arcx rostra/a-Pa/entilla palustris Tall-herb fen 
SII ('urcx \'L'sicario Swamp 
SII ('orL'x \'L'.\icLlria Swamp 
MATCH 
Coefficient t 
34.7 
5l.2 
49.5 
MATCH 
Coefficientt 
47.3 
50.2 
50.2 
50.1 
45.3 
50.0 
MATCH 
Coefficient t 
45.0 
49.4 
58.7 
53.8 
Sub-
community 
S27a 
Sub-
community 
S27a 
M23b 
M9b 
S27a 
S9b 
Sub-
community 
S27a 
MATCH 
Coefficientt 
55.7 
MATCH 
Coefficient t 
49.1 
50.3 
52.5 
50.5 
53.2 
MATCH 
Coefficient t 
50.4 
Number of 
Samples in NYC 
description 
40 
197 
88 
Number of 
Samples in NVC 
description 
197 
62 
24 
197 
31 
14 
Number of 
Samples in NYC 
description 
22 
197 
18 
18 
3.3.2. Temporal and spatial comparatibility between groups and their assigned 
communities 
3.3.2.1. A classification o/the three year combined data 
A DCA ordination of the combined average vegetation data for 1998. 1999 and 2000 which 
includes repeat sites is presented in Figure 3.3.6. A gradient length of 4.92 s.d. along axis I 
represents a complete turnover of species. Axis 2 is also relatively long at 3.86 s.d.. Figure 
3.3.6a, represents a good mix of sites studied throughout the three years. The 1999 data. 
with the largest number of samples represents the greatest spread across the ordination space. 
A TWINSP AN classification of the vegetation data for the three years combined produced 
nine main groups (Figure 3.3.6; Table 3.3.8) which contained n=5 to n=14 samples. Some of 
these groups could be clearly defined within the ordination space (Figure 3.3.6b). With 
group 3, domianted by ]uncus effusus and Rumex acetosa, and group 9, dominated by Erica 
tetralix and Sphagnum palustre separated along the first axis a potential gradient relating to 
mode of groundwater input and pH is inferred. The separation of group 3 from group I. 
dominated by Carex aquatilis and Cardamine pratensis along the second axis suggest a 
groundwater depth gradient. Specific variations between defined groups, and in relation to 
specific gradients are investigated further in section 3.3.3 and Chapter 4. 
Group 2 was most closely matched to a SII Carex vesicaria swamp community. and group 1 
to a S 11 c with a Carex rostrata sub-community. The coefficients were 52.4 and 51.4 
respectively. Group 3 had a highest match (50.8) to a M23b ]uncus effususlacutiflorus-
Galium palustre rush meadow with a ]uncus effusus sub-community. Groups 4 had a 
highest match (55.3) to a M9 Carex rostrata-Calliergon cuspidatumlgigantium mire, and 
group 5 to a M9b with a Carex diandra-Calliergon giganteum sub-community, with a 
coefficient of 55.9. Group 6 had a highest match (54.5) to a S9b Carex rostrata swamp with 
a Menyanthes triJoliata-Equisetum fluviatile sub-community, and group 7 to a M9 
community, with a coefficient of 46.6. Group 9 had a highest match (46.2) to a S27 Carex 
rostrata-Potentilla palustris tall-herb fen, and group 8 to a S27a with a Carex rosfrata-
Equisetum fluviatile sub-community, with a coefficient of 50.7. 
Whilst all of the groups were not classified as unique community types relative to each other. 
a good degree of variation was seen between them, with differing indicator species identified 
(Table 3.3.8). Where the same community type was assigned. differences in sub-communit~ 
types were generally identified between groups (Table 3.3.9). Where the~ \'ere not. for 
example with the M9 classification of groups 4 and 7, variation \\ ithin the communit~ t~ pes. 
or new sub-communities may not have prevously been described. due tn small sample 
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numbers (Table 3.3.9). In addition, some community types which had been assigned to 
groups for individual years, such as an M5 (Table 3.3.7c), were not then assigned to am 
groups for the total combined data. This may be explained by the low coefficients, whereb\ 
individual samples may be assigned equally to different communities, depending on the 
samples they are combined with. This in turn could be a function of the low sample numbers 
mentioned previously. 
3.3.2.2. Consistency within repeat sample stations 
The majority of sites sampled during the course of the study were consistently reclassified 
within the same TWINSPAN groups. Eight sites, Insh Marshes (1M) 1, 2. 3, II. 12. 1.+ and 
Nether Whitlaw (NW) 4 and 6, were not consistently re-classified (Table 3.3.8). Of these 
sites, only 1M 1 and 3 were sampled during each of the three years and were consistently 
reclassified during 1999 and 2000, where yearly average data was used. This suggests that 
yearly averaged data better took into account changes over the growing season. 1M 2 sa\\ a 
shift from an M9 classification in 1998 to an S27 in 1999, and most notably a reduction in 
the cover of Molinia caerulea recorded, and also a reduction in Carex rostrata (Appendix 3a 
and b). The classification for 1M II saw a shift in the opposite direction, from a S27 to an 
M9. This was characterised by a reduction in the recorded abundance of a number of 
species, including Carex lasiocarpa, Equisetum fluviatile, Menyanthes tr~foliata and 
Phragmites australis (Appendix 3a and b). Changes in floristic composition over the year, 
and hence comparisons of single point data and yearly average data may once again have 
been linked to this apparent shift in community type. At 1M 12 there was an apparent shift 
from a S9b to a M9 community. As Rodwell (1995) states however. the former of these two 
communities often fronts the latter, and the two can grade into one another. Each of stations 
1M 14 and NW 4 and 6 were placed into different groupings during 1998 and 1999. but these 
groupings were classified into the same broader community classifications (M9 and S27 
respectively). Some differences which may help explain this situation are apparent. such as 
the lower abundance of Agrostis stolon~rera at station 1M 14 during 1999. 
The variability of these sites, but also ofa number of others are represented in Figures 3.3.~ 
and 3.3.8. However, a number of sites which were placed into the same groups (Figure 
3.3.6; Table 3.3.8) have a relatively high degree of variation (>0.5 s.d.) within the ordination 
space. With the exception of station 14, the greatest degree of variation was amongst 
stations along transect I at Insh Marshes. Some variation may be attributable to the use of 
single point data and average yearly data over successive seasons. it should alst) be noted 
that transect 1 stations were subject to the greatest degree l)f drawdo\\ n (1\ cr -.,uccc-.,,,j\C 
years, of any of the stations surveyed (see Section 2.3.3). Ho\\ ever. on balance. the "rCCIC" 
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compositions of only two of the stations (1M 5 and 8) varied noticeabl~ (>0.5 s.d.) betv.een 
the second and the third years of the study (Figure 3.3.8). Meanwhile, the drop in a\ erage 
water table levels was far more pronounced between the same two years (Figure 2.3.3. 
Chapter 2). Despite potential concerns relating to the comparability of the 1998 \ egetation 
data to that from subsequent years, DCA axis 1 site scores for 1998 were highl~ correlated to 
DCA axis 1 sites scores for 1999 (r = 0.942). Axis 2 site scores for 1998 and 1999 were also 
highly correlated (r = 0.950) for repeat sample stations (Table 3.3.10). Correlations bet\\een 
axis site scores were also highly significant for stations surveyed over three years along 
transect 1 (Table 3.3.11). Correlations ranged from r = 0.879 between axis 2 1998 and 1999 
site scores, and r = 0.989 between axis 2 1999 and 2000 site scores. 
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Figure 3.3.6 DCA ordinati on diagram of combined average 1998, 1999 and 2000 vegetati on 
data The gradients are 4.92 sd for axis 1, and 3.86 sd for axis 2; total inertia = 8. 14. 
eigenval ues of axes 1-4 are 0.57, 0.43 , 0.35, 0.31 respectively. Cumulative percentage 
variance of species data is 7.0 for axis I, 5.3 for axis 2 (20.3 for all 4 axes). (a) Three yea rs 
outlined. Open circle = 1998; open triangle = 1999: closed circle = 2000. (b) Defin ed 
T WIN SPAN groups. Black square = Group I; open circle = Group2: closed circle = group 
3; upwards triangle = group 4; X = Group 5; down wards triangle = group 6; tar = group : 
diamond = group 8; left-hand triangle = group 9. 
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Table 3.3.8 Site representation within relative TWINSPAN groups for average 1998. 1999 
and 2000 vegetation data showing indicator species; E = Endrick marsh: G = Glen moss: I = 
Insh marshes; L = Lochwinnoch; N = Nether Whitlaw moss; T = Tarn moss: W = Wood of 
Cree fen 
TWINSPAN Membership 
group 
I 
(n=11) 
2 
(n=10) 
3 
(n=5) 
4 
(n=15) 
5 
(n= 7) 
6 
(n=9) 
7 
(n=9) 
8 
(n=5) 
9 
(n=14) 
1998 
I: 4,9,17 
I: 1 *,7 
I: 8 
1:2*,5,6,10 
N: 1 
I: 14* 
I: 12*, 13 
N: 2, 3 
I: 3*, 15, 16 
I: 11 * 
N: 4*,6* 
N: 5 
1999 
1:4,9,19 
L: 2,4,5,6 
I: 7 
T: 1 
I: 8, 18 
T: 2 
I: 1 *,5,6, 10, 14* 
N: 1 
G: 2 
I: 13 
N: 2, 3 
G: 1 
I: 11*,12*,15,16,20 
I: 21 
G: 3,4,5.6 
I: 2*,3* 
L:l 
N: 4*, 5, 6* 
T:3,4,5 
10~ 
2000 
I: 4, 9 
Dom inanUindicator 
specIes 
Carex aquatilis 
('ardamine pratensis 
E: 1,2, 3,4,5 Ph alar is arundinacea 
1:7 
I: 8 .funcus e/filSlis 
Rumex acetosa 
I: 1*,3*,5.6 
W: 1-6 
E:6 
Carex niRra 
Angelica 5ylvestris 
HyJrocoly/(' vulRaris 
Succisa pratensis 
Carex rostrata 
Equisetumfluviatile 
('arex echinata 
Potentilla erecta 
Potentilla palustris 
Carex lasiocarpa 
Galium palustre 
Erica tetrall\-
Sphagnum palustre 
0 
'J, 
Table 3.3.9 Summary of National Vegetation Classes designated for defined TWINSPAN groups for average 1998, 1999 and 2000 data combined. 
t Coefficient range 0-100; higher coefficient score = closer match 
(a) 
Group Community 
1 
2 
3 
4 
5 
6 
7 
8 
9 
S 11 
S 11 
M23 
M9 
M9 
S9 
M9 
S27 
S27 
Carex vesicaria Swamp 
Carex vesicaria Swamp 
Juncus efJususlacutiflorus-Galium palustre Rush meadow 
Carex rostrata-Calliergon cuspidatumlgigantium Mire 
Carex rostrata-Calliergon cuspidatumlgigantium Mire 
Carex rostrata Swamp 
Carex rostrata-Caliergon cuspidatumlgigantium Mire 
Carex rostrata-Potentilla palustris TaU-herb fen 
Carex rostrata-Potentilla palustris TaU-herb fen 
MATCH 
Coefficient t 
46.0 
52.4 
49.9 
55.3 
53.0 
50.8 
46.6 
50.1 
46.2 
Sub- MATCH Number of 
community Coefficient t Samples in NVC 
descrietion 
S Ilc 51.4 4 
18 
M23b 50.8 62 
40 
M9b 55.9 24 
S9b 54.5 31 
40 
S27a 50.7 197 
220 
+4.5 
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Figure 3.3.7 DCA ordination diagram of vegetation data for lnsh Marshes transect I and 2, 
and Nether Whitlaw 1998 and 1999 vegetation data. The gradients are 4.90 sd for axis I, 
and 3.83 sd for axis 2; total inertia = 6.50, eigenvalues of axes 1-4 are 0.69, 0.47, 0.32, 0.2 1 
respectively. Cumulative percentage variance of species data is 10.7 for axis 1, 7.1 for axis 2 
(26.0 for all 4 axes). Direction of vectors represents differences between years; vectors in 
bold represent a movement ~ 0.5 s.d. in the ordination space. 
+7.0 
3c 
~3b 
3a 
-3.0 
-0 .5 +5.5 
Figure 3.3.8 DCA ordination diagram of ~egetation data for lns~ Marshes tra~ eC.t 1 1 ?9~: 
1999 and 2000 vegetation data. The grad ients are 4.22 sd for aX Is 1, ~nd 3.89 d :o~ a~ l , -. 
total inertia = 3.85, eigenva lues of axes 1-4 are 0.67 . .0.48, 0~_4. 0.1.0 re pectl c1) . 
Cumulative percentage varia nce of spec ies da.ta is 17.3 for aXIs 1. 1 ~.) for a\'1 2 (38 .8 G)r all 
4 axes). See Figure 3.3.7 for further ex planations. 
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~able 3.3.10 Correlation (r) between DCA axes 1 and 2 scores for 1998 and 1999 resampled 
sItes (df=20). ** P<O.O 1 
Axis 1, 1999 
Axis 2, 1999 
Axis 1, 1998 
0.942** 
Axis 2, 1998 
0.950** 
Table 3.3.11 Correlation (r) between DCA axes 1 and 2 scores for 1998 1999 and 2000 
resampled sites (df=6). (a) 1998 and 1999, (b) 1999 and 2000, (c) 1998 and 2000. 
** P<O.OI 
(a) 
Axis 1, 1998 Axis 2, 1998 
Axis 1, 1999 0.956** 
Axis 2, 1999 0.879** 
(b) 
Axis 1,1999 Axis 2, 1999 
Axis 1,2000 0.986** 
Axis 2,2000 0.989** 
(c) 
Axis 1, 1998 Axis 2, 1998 
Axis 1,2000 0.967** 
Axis 2,2000 0.927** 
3.3.3. Multivariate modelling: group characteristics 
3.3.3.1. August 1998 data 
A number of environmental and site variables, and vegetation variables were measured 
during 1998 (Tables 3.2.1-3.2.3). Due to inconsistencies in sampling over the season, formal 
analyses were carried out on only the final August data set. 
Environmental and site variables 
Groundwater level relative to ground surface was the only environmental variable found to 
vary significantly (p=0.04) between the three defined TWINSPAN groups for August 1998. 
following comparison of non-parametric variables by Mann-Whitney confidence tests (Table 
3.3.12). Average water table level was highest within group :2 (S27a community: see Table 
3.3.7) sample stations. and values were significantly higher than those for group 3 (M:27). 
and group 1 (M9) was intermediate. Whilst not statistically significant. overall. the level of 
water table fluctuation was highest within the stations comprising group 3 (M27). as \\ere Fe 
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and Mn concentrations. Conductivity however was lowest within group 3, and highest 
within group 2 (S27a). 
A one way analysis of variance was conducted upon the remaining environmental variable 
values (Table 3.3.12b), but all results were non significant. Certain trends were obvious 
however, with Mg, Ca, K, and Na all being highest within group 2 stations. 
Vegetation variables 
The majority of collective vegetation variables and dominant population traits measured 
during August 1999 were non-significant between defined TWINSPAN groups when 
subjected to appropriate tests (Tables 3.3.13 and 3.3.14). Stem density was the only variable 
to differ significantly between groups (p= 0.04). Stem density was significantly higher 
within group 3 (M27) stations than within group 2 (S27a), whilst group 1 (M9) was 
intermediate. Mean canopy height was greatest within group 3, as was litter cover, and total 
standing crop (combined necromass and biomass). 
None of the measured traits for the varIOUS dominant populations differed significantly 
between groups, but once again, certain trends could be seen. The mean height of the 
individual ramets of the dominant populations was highest within group 3 (M27), although 
these values were highly variable (Table 3.3.14). Values for leaf area and total length per 
ramet were highest amongst the dominant populations of group 2 (S27a), as were the leaf 
dry weights, stem dry weights, and total ramet dry weights. The average dry weight of 
reproductive structures, and of constituent seeds were highest however in group 3 (M27). 
Specific Leaf Area was lowest within group 2 (S27a). 
3.3.3.2. Mean 1999 data 
Environmental and site variables 
Normally distributed data were tested using a one way analysis of variance (Figure 3.3.9: 
Table 3.3.15a), and non-parametric data which could not be normalised by transformation by 
Kruskal- Wallace tests (3.3.15b). Due to the small sample size, group 6 (M2) was excluded 
from formal Kruskal-Wallace tests, but the values for this group, along with those for the 
single Lochwinnoch station 3 (L3: labelled here as Group 7), are included for comparative 
purposes. 
Results of a one-way analysis of variance for the six TWINSPAN groups defined for the 
1999 data show significant differences between the mean relative group values for shade 
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index (p= 0.002) and average level of groundwater fluctuation (p= 0.033) (Figure 3.3.9). For 
shade, group 4 (S27a) sites were significantly higher than groups 2 (M23b), 3 (M9b) and 5 
(S9b). Groups 1 (S27a) and 6 (M2) were intermediate. The single station group 7 had the 
highest level of shade overall. While average water table level was shown to differ 
significantly between groups by a one-way analysis of variance, no mean separation was 
detected by a Tukey test (even where an analysis of variance has rejected a null hypothesis, 
multiple comparison means separation tests may sometimes yield results which do not 
indicate a difference between any of the group means. This is due to the fact that analysis of 
variance is a more powerful test, and therefore Type II errors are more likely to occur in 
post-hoc multiple comparisons, especially where small sample sizes are involved (Zar, 
1999)). A general inference however can be made, whereby the generally drier sites of 
group 2 (M23b) exhibit the highest levels of groundwater fluctuation, while the overall 
wetter sites of group 5 (S9b) exhibit lower levels of fluctuation. Bare ground was highest on 
average in group 5 (S9b), and the hydrosoil redox most anoxic within this same group. 
Hydrosoil redox conditions indicative of the most oxidising status were found within group 2 
(M23b). Of the non-parametric environmental variables measured, groundwater parameters 
exhibiting significant differences between groups were average water table level (p=0.0 I), 
and average minimum (p=0.009), and maximum (p=0.044) water table levels (Table3.3.15b). 
Group 5 (S9b) sites were significantly wetter than groups 2 (M23b) and 3 (M9b) with an 
average standing water table level of c.II cm, and continual levels of above-ground 
inundation. 
The average level of groundwater magnesium (Mg) differed significantly between groups 
(p=0.025), with the highest levels measured in the sites comprising group 5 (S9b), which 
differ significantly from those of group 4 (S27a). The levels of Mg were lowest in group 6 
(M2) samples. Other variables which differed significantly between groups were Mn (p= 
0.05) and N03 (p= 0.0 I). For those groups which were formally analysed, the levels of both 
these nutrients were lowest in group 4 (S27a). N03- was significantly higher in groups I 
(S27a) and 3 (M9b), whilst Mn was significantly higher in groups I (S27a), 2 (M23b) and 3 
(M9b)_ No further significant variation was identified between group environmental 
variables. However, pH values were lowest within group 6 (M2), and highest in group I 
(S27a). Values for both conductivity, and Ca were lowest (amongst the groups formally 
analysed) within group 3 (M9b) and were highest within group 2 (M23b). Notably, for 
groups 6 (M2) and 7, not formally analysed, Ca values were amongst the lowest and highest 
respectively. CI and K were also recorded at relatively high levels for the sample in group 7, 
and sol was highest within this sample, and in group 6 also. OveralL Cl was highest in 
group 5 (S9b), and lowest in group 3 (M9b). 
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Vegetation variables 
Species richness (S) varied significantly (p= 0.036) between groups (Figure 3.3.10). At an 
average of around 11.5, the species richness of group 3 (M9b) was significantly higher than 
both groups 4 (S9b) and 5 (M2) for the equivalent unit area, and other groups were 
intermediate. Group 7 had the lowest species richness overall, at 3 per m2. Stem density 
(p<0.00 1), nearest neighbour (p<0.00 1), canopy height overall (p<0.00 1), number of 
reproductive structures (p= 0.008), stem diameter (p= 0.003), biomass between 10-20cm 
above ground level (p= 0.011), necromass above 20cm above ground level (p= 0.016), 
standing crop between 1O-20cm above ground level (p= 0.014) were other collective 
vegetation variables which differed significantly between groups (Figure 3.3.10). Stem 
density was lowest amongst groups 4 (S27a), 5 (S9b) and 6 (M2), and was significantly higer 
within group 3 (M9b). A reverse pattern was observed for nearest neighbour index, with 
group 2 significantly lower than groups 4, 5 and 6. Average canopy height was significantly 
higher (c. 70 cm) for group 1 (S27a) than for groups 3-6 (M9b, S27a, S9b, and M2 
respectively). Canopy height for group 2 (M23 b) was also significantly higher than groups 
3, 4 and 6. Number of reproductive structures (m-2) was significantly higher for group 3 
(M9b) than for group 4 (27a), and all other groups were intermediate. Significantly larger 
stems were recorded for groups 1 and 4 (both S27a), than for group 3 (M9b), and all other 
groups were intermediate. The various biomass and necromass values observed per group 
tended to follow a similar pattern to each other, with the highest dry weights being observed 
for group 1 (S27a), and gradually decreasing through to the lowest values for group 6 (M2). 
This general pattern did vary slightly between the specific variables measured, and levels of 
significance between specific groups also varied (see Figure 3.3.10). Whilst the pattern held 
true for total dry biomass per m2, no means separation was obtained following a Tukey test 
(Figure 3.3.lOh). Total standing crop (m-2) at 0 cm to 10 cm above ground level followed 
this same general pattern, although differences between mean values were not significant 
(Table 3.3.16a). Mean values for overall percentage litter cover, biomass between ground 
level and 10 cm above, necromass between 10 and 20 cm above ground level, and necromass 
at greater than 20 cm above ground level all showed no significant variation between groups. 
For all of the values for the single sample constituting group 7, levels were either higher or 
lower than all others, with the exception of ground level to 10 cm biomass. Patterns of 
variation for non-parametric biomass and necromass variables were similar. Biomass values 
higher than 20 cm above ground level were significantly higher (p=0.00 1) for group 1 
(S27a), than for all other groups (Table 3.3.16b). Group 2 (M23b) values were also 
significantly greater than group 3 (M9b), 4 (S27a) and 5 (S9b) values. Values for group 5 
were in turn significantly greater than those for groups 3 and 4. An equivalent pattern was 
observed for standing crop values at the same strata, and were similar for the total standing 
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crop (Table 3.3.16b). Once again, all values for the single group 7 sample were much higher 
than all others. 
In addition to collective vegetation variables, a number of average dominant population trait 
values were observed to vary significantly between groups (Figure 3.3.11). The number of 
leaves observed per ramet was significantly higher (p= 0.031) for group 2 (M23b) than for 
group 3 (M9b), and values for all other groups were intermediate. Canopy area for the 
dominant populations was significantly higher (p<0.001) for group 1 (S27a) than for groups 
3-6 (M9b, S27a, S9b, and M2 respectively). Group 2 (M23b) values were in turn 
significantly greater than those for groups 3-6. Values for group 1 (S27a) were also highest 
for average total leaf area per ramet (p= 0.004), average total leaf length per ramet (p= 
0.003), average stem weight per ramet (p= 0.017), and total average leaf weight per ramet 
(p= 0.016). Values were significantly higher in this group for all of these variables than for 
group 3 (M9b), and were also significantly greater than the values for group 5 (S9b) for leaf 
length (Figure 3.3.11). Total ramet dry weight was significantly higher (p= 0.045) amongst 
group 4 (S27a) dominant populations, than for group 3 (M9b), with the values for other 
variables being intermediate (Figure 3.3.11i). The opposite trend was observed for Specific 
Leaf Area (Figure 3.3.11j), with significantly thinner leaves (p= 0.024) amongst the 
dominant populations of group 3 (M9b), and thicker leaves amongst group 4 (S27a) 
populations. Average weight of reproductive structures per ramet of the dominant 
populations was significantly higher (p= 0.004) within groups 2 (M23b) and 4 (S27a) than in 
group 3 (M9b), and all other groups were intermediate. Whilst number of reproductive 
structures per ramet was found to vary significantly between groups (p= 0.036), no group 
mean separation was detected by a Tukey test (Figure 3.3.11 c). Average ramet height did 
not vary significantly between groups (Table 3.3.17). Tallest plants amongst groups 1-6 
however were observed for group 1 (S27a), and shortest for group 5 (S9b). The tallest plants 
were observed in the single sample for group 7. Greatest seed weight (g per individual) was 
within group 2 (M23b), and lowest within group 3 (M9b) (for groups 1-5, included within a 
Kruskal-Wallace test: Table 3.3.17). 
3.3.3.3. Mean 2000 data 
Environmental and site variables 
From the variables measured during 2000 whose values were normally distributed. average 
groundwater level relative to the ground surface was significantly lower (p= 0.028) for !=-TfOUP 
1 (M5) than for group 2 (S27a). All stations however were subject to water table levels just 
below ground surface on average during the growing season (Figure 3.3.12a). Average 
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minimum groundwater levels over the growing season also differed significantly (p= 0.025) 
between groups, following the same pattern. Groups 2 (S27a), 3 (S 11) and 4 (S 11) were all 
subject to some inundation over the growing season (Figure 3.3.12a), as shown by the 
maximum groundwater levels relative to the ground surface. Whilst the values for these 
three groups did not significantly differ from one another, the values for group 2 (S27a) were 
significantly higher (p= 0.021) than those for group 1 (M5). Group 1 had generally 
waterlogged soils, with the water level approximately 5 cm below the surface on average, 
and no inundation recorded. 
A number of additional variables whose values exhibited a normal distribution were found 
not to differ significantly between groups (Table 3.3.1Sa). In contrast to samples from 1995 
(Section 3.3.2) all group hydrosoil redox values were positive. Percentage of bare ground 
was relatively low amongst all groups, and both conductivity and sol were highest within 
group 4 (SI1). The wettest group, 2 (S27a), also had the greatest average level of 
groundwater fluctuation. 
A further nine environmental variables were measured, whose values were not normally 
distributed (Table 3.3.1Sb). Due to relatively small sample sizes, Mann-Whitney confidence 
tests were conducted between each group in turn. Three of the variables, Mn, Na and N03-
were found not to differ significantly between groups, and no extreme values were measured 
between groups. An average pH of S.S within group 2 (S27a) was significantly lower (p= 
0.02) than in the other three groups, all of which were circumneutral. Fe levels were 
significantly higher (p= 0.037) within group 4 (SI1) than in group 1 (MS), and groups 2 
(S27a) and 3 (SII) were intermediate. Mg (p= 0.02) and Ca (p= 0.037) levels were also 
highest in group 4 (S 11), and significantly higher than all other other groups. P was also 
highest in group 4 (SII), but significantly higher (p= 0.011) than group 2 (S27a) alone, with 
groups 1 (MS) and 3 (S 11) being intermediate. This overall pattern did not follow for CI 
however, with the median value for group 2 (S27a: 41.77 mg rl) being more than one and a 
half times higher than the next highest value for group 4 (S 11: 2S.S3 mg r l ). Group 2 
however was significantly higher than group 1 (MS) alone, with groups 3 and 4 (both S 11 ) 
being intermediate (Table 3.3.1Sb). 
Vegetation variables 
The values for a number of collective vegetation variables measured during 2000 differed 
significantly between the TWINSPAN groups defined (Figure 3.3.13). As in 1999. species 
number (S) varied significantly between groups, and at around 14 species per m2 for group 2 
(S27a) was significantly higher (p< 0.001) than the other three defined groups. Stem density 
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was significantly higher (p= 0.018) in group I (MS) than group 4 (S 11) with groups 2 (S27a) 
and 3 (S 11) being intermediate. Canopy height overall was highest in groups 3 and 4 (both 
S 11), but only for group 3 was it significantly higher (p= 0.02) than group 2 (S27a). 
Average stem diameter within group 1 (MS) was 2.S mm, and this was significantly lower 
(p= 0.018) than both groups 2 (S27a) and 3 (SIl). Biomass between ground level and 10 cm 
was lowest within group 3 (S 11), and was significantly higher in groups 2 (S27a) and 4 
(S II). However, the opposite was true for biomass above 20 cm, total biomass, and total 
standing crop at 20 cm or more above ground level per m2, with values for group 3 being the 
highest, or amongst the highest. Group 3 (S 11) values were consistently significantly higher 
than group I (MS) values (atp= 0.019,p= 0.011, andp< 0.001 for these three variables 
respectively). The same pattern followed for estimates of standing crop, with values for 
group 3 (S 11) being the highest. No group separation however was apparent following a 
Tukey test (Figure 3.3.13i). A number of other collective variables were found not to differ 
significantly between groups (Table 3.3.I9a). Whilst values for most of these variables did 
not tend to differ between groups 1 (MS), 2 (S27a) and 4 (S 11), they were generally higher 
within group 3 (S 11). Median values for numbers of reproductive structures per m2 were 
also roughly equivalent between groups 1, 2 and 3 at 289, but were around half this level for 
group 4. 
Several dominant population traits were found to differ significantly between groups during 
2000, with all variables generally being higher amongst the two S 11 communities defined 
for groups 3 and 4 (Figure 3.3.14; Table 3.3.20). Ramets were significantly taller (p= 0.002) 
for these two groups than for groups 1 (MS) and 2 (S27a). The dominant species of group 3 
also had significantly more leaves per ramet (p= 0.047), and canopy area (p= 0.039) than 
group 2 (S27a). Number of reproductive structures was significantly higher (p< 0.001) 
amongst groups 1 (MS) and 3 (S 11), than for groups 2 (S27a) and 4 (S 11). Group 4 had 
significantly higher values for dominant populations for either group 1 (MS) or group :2 
(S27a) for average total leaf area (p= 0.008), leaf length (p= 0.029), leaf weight (p= 0.049), 
and total weight per ramet (p= 0.044). Group 3 (S 11) had the highest average value for 
reproductive structure weight, and this was significantly higher than for group 1 (MS). 
Specific Leaf Area did not differ significantly between the dominant populations of the 
respective groups (Table 3.3.20b). 
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Table 3.3.12 Environmental variable values per TWINSPAN group for August 1998 data. 
Different superscript letters show significant differences between groups. (a) Mann- Whitney 
confidence tests between groups, showing median values. (b) One-way analysis of varianc~. 
showing mean values (± standard error (s.e.)) per group (tests based on 10& transformed 
values, except * Arcsine tranformed). ns = not significant. For explanation of variables see 
Tables 3.2.1 - 3.2.3). 
(a) 
(b) 
Variable TWINSPAN Group 
1 2 
(n=2) (n=17) 
WAT (cm) 6a6 136 
FLU (cm) 9.5 10.3 
pH 5.4 5.8 
CON (IlS/cm) 70 104 
Fe (mg/I) 1.94 1.78 
Mn (mg/I)t 0 0 
to = trace; undetectable at < 0.001 mg rl. 
Variable 
BARE (%)* 
Mg (mg/I) 
K (mg/I) 
Ca (mg/I) 
Na (mg/I) 
1 
(n=2) 
3 (± l.7) 
1.71 (±0.53) 
3.23 (±0.14) 
3.54 (±0.97) 
0.97 (±0.97) 
TWINSPAN Group 
2 
(n=17) 
4 (± l.6) 
2.39 (±0.58) 
6.63 (±0.44) 
14.25 (±5.06) 
l3.70 (±5.11) 
3 p 
(n=4) 
5a 0.04 
14.4 ns 
5.6 ns 
64 ns 
6.95 ns 
0.002 ns 
3 p 
(n=4) 
1 (±0.5) ns 
1.54 (±0.38) ns 
2.43 (±0.94) ns 
8.78 (±4.60) ns 
4.93 (± l.66) ns 
Table 3.3.13 Collective vegetation variable values per TWINSPAN group for August 1998 
data. Different superscript letters show significant differences between groups. (a) Mann-
Whitney confidence tests, showing median values. (b) One-way analysis of variance, 
showing mean values (±s.e.) per group (tests based on loge transformed values). ns = not 
significant. 
(a) 
(b) 
Variable 
STDE (m·L) 
Variable 
CAHT (cm) 
LITT (%) 
BNI (g) 
BN2 (g) 
BN3 (g) 
BNT (g) 
1 
(n=2) 
1533a6 
1 
(n=2) 
25 (±0.7) 
6 (±0.8) 
88 (±6.8) 
162 (± 132.5) 
16 (±2.9) 
267 (±122.9) 
TWINSPAN Group 
2 
(n=17) 
1033 a 
TWINSPAN Group 
2 
(n= 17) 
38 (±4.2) 
12 (±2.7) 
148 (±17.4) 
53 (± 13.3) 
58 (±18.5) 
259 (±38.7) 
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3 p 
(n=4) 
17835 0.04 
3 p 
(n=4) 
52 (±16.3) ns 
13 (±7.2) ns 
2n (±101.7) ns 
185 (±165.4) ns 
163 (±103.4) ns 
570 (±367.~) ns 
Table 3.3.14 D~minant ~opulation tr.ait values per TWINSPAN group August 1998 data by 
One-way analysIs of varIance, showmg mean values (±s.e.) per group (tests based on 10 • 
transformed values). ns = not significant. & 
(a) 14 
12 
LO 
;:; 
] 0.8 
" 
ab 
-g 0.6 
..c 
'" 0.4 
0.2 
Variable 
RamHt (cm) 
RamLv(cm) 
RamTLA (cm2) 
RamTLL (cm) 
RamDWS (g) 
RamDWL (g) 
RamDWR(g) 
RamDWT(g) 
SeeADW (mg) 
SLA (cm2/mg) 
a a 
b 
4 
TWINSPAN Group 
1 2 
(n=2) (n=17) 
37 (±1.17) 49(±5.11) 
4 (±0.17) 5 (±0.63) 
41 (±0.99) 81 (±12.85) 
130 (±5.12) 234 (±39.08) 
73 (±20.06) 452 (±138.29) 
190 (± 15.04) 478 (±74.91) 
15 (±2.01) 65 (±19.06) 
278 (±37.11) 995 (±182.17) 
0 0.18 (±0.08) 
0.21 (±0.02) 0.19 (±0.02) 
ab 
a 
TWINSP AN Group 
3 p 
(n=4) 
58 (±20.45) ns 
5 (±1.41) ns 
58 (±13.25) ns 
150 (±26.26) ns 
258 (±139.09) ns 
286 (±50.33) ns 
84 (±46.81) ns 
655 (±167.90) ns 
0.50 (±0.50) ns 
0.24 (±0.05) ns 
6 
Figure 3.3.9 Mean (±s.e.) environmental variable values per TWINSP AN group for 1999 
season by one-way ANOYA. (a) Shade index; (b) Average level of groundwater fluctuation 
(lo~ transformed data). Different letters at head of graphs represents significant differences 
between group means (Tukey test). Group seven values are from the single Lochwinnoch 
(L3) site. 
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Table 3.3.15 Environmental variable values per TWINSPAN group for average 1999 data. 
(a) by One-way analysis of variance, showing mean values (±s.e.). (b) by Kruskal-Wallace 
tests followed by non-parametric multiple comparisons, showing median values per group. 
Different superscript letters show significant differences between groups. ns = non-
significant. 
(a) 
Variable TWINSPAN Groups 
1 2 3 4 5 6 7 p 
(n=6) (n=9) (n=7) (n= 11) (n=6) (n=3) (n= 1) 
BARE (%) 5 9 12 8 9 1 5 ns 
(±1.9) (±2.6) (±2.5) (±2.4) (±3.1 ) (± 1.1) 
RED (ruV) 0 47 -1 24 -27 20 0 ns 
(±25.8) (±37.2) (±28.2) (±19.9) (±25.3) (±38.5) 
F (rug/I) 0.1 0.1 0.0 0.0 0.1 0.1 0.1 ns 
(±0.08) (±0.04) (±0.07) (±0.07) 
(b) 
Variable TWTNSPAN Groups 
1 2 3 4 5 6 7 p 
(n=6) (n=9) (n=7) (n=11 ) (n=6) (n=3) (n=1 ) 
WAT (cru) 0.2a6 _1.3 a _2a 1.3a6 11.26 -0.3 1 =0.01 
MIN (cru) _0.2ab -3.3a -4.3 a -0.3 a 10.8b -4.5 0 =0.009 
MAX (cru) 8.0 6.0 2.7 2.7 14.7 2.7 , =0.0'+'+ 
pH 6.1 6.0 6.1 5.8 6.0 5.3 5.9 ns 
CON (fJ,S/cru) 274 394 244 251 361 124 187 ns 
Fe (rug/I) 0.14 0.01 0.09 0.13 0.00 0.17 0.11 ns 
Mg (rug/I) 2.24ab 1.57ab 1.34ab 1.43a 2.45b 0.91 2.08 =0.025 
Mn (rug/I) 0.14b 0.23b 0.23b O.OOa 0.08ab 0.13 0.10 =0.002 
Ca (rug/I) 9.36 12.50 5.66 9.70 10.10 3.22 12.75 ns 
Na (rug/I) 6.48 5.77 5.49 5.69 7.31 5.83 6.10 ns 
CI (rug/I) 9.38 10.09 8.97 11.66 13.68 9.71 12.64 ns 
K (rug/I) 1.29 0.71 0.85 0.56 1.06 0.45 3.00 ns 
SO/- (rug/I) 0.78 1.98 1.34 1.04 1.07 2.10 3.43 ns 
N03 (rug/I) 0.56b 0.16ab 0.15ab 0.03 a 0.06ab 0.12 0.10 =0.01 
116 
(a) 14 
12 
N 
.§ 10 
~ 
~ 8 ~ 
" = 
-5 6 - ~ 
~ 
... 
9 4 c. 
'" 
0 
(b) 25 00 
2000 
N 
E 
~ 1500 
C 
- ~ 
5 
" 1000 E 
~ 
'" 
500 
(c) 
~ 4 
] 4 
~ 3 
.D 
-§, 3 
-0; 
.: 2 
~ 2 
~ I 
(d) 120 
100 
K 80 
ii 
co 
~ 60 
;;, 
c. 
0 
~ 40 
u 
20 
0 
(e) 700 
~>oo 
e 500 a 
~ 400 
... 
. ~ 300 
" e 200 
~ g 100 
ab 
ab 
be 
c 
ab 
rT 
b 
ab 
a a 
c be 
a 
a 
c 
c 
a ab 
be 
ab 
a a 
b 
rt 
ab 
rr 
ab a 
rr 0 
(I) 18 
16 
14 
ab 1 12 
" 
10 U
. ~ 8 b 
" b B 6 ab 
Vi ab ab 
(g) 200 
180 b b 
~ 160 
N ab § 140 ab ab 
§ 120 
~ 100 6 
a ~ 80 
E 60 a 
0 
iii 40 
20 
(h) 1400 
1200 
N 1000 
E 
c r+ ~ r-%-:9 800 
9 
i::i 600 r-f-E ~[L~ r+ 0 400 iii 200 
(i) 600 
500 
E ~ 400 
E 
~ 300 A 
a 
~ ab E 200 g 
~ 100 ab 
0 
U) 300 
ab b ab 
N 250 ~ rf rr E 200 ~ 
6 150 
C. 
ab ~ 
'" 
100 
c 
'0 
0 D § 50 '" , 
TWINSPAN group 
Figure 3.3.10 Mean (±s.e.) co llective vegetation variables per TWINSP AN group for 1999 
season; different letters at head of graphs represents significant differences between group 
means (Tukey test). Tests based on lo~ transformed data for variables b, d-g, i and j. Group 
seven values are from the single Lochwinnoch (L3) site. 
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Table 3.3.16 Collective vegetation variable values for 1999 (a) by One-\\ ay anal) sis of 
variance, showing mean values (±s.e.). (b) by Kruskal-Wallace tests followed b\ non-
parametric multiple comparisons, showing median values per group. Different sup~rscript 
letters show significant differences between groups. ns= non-significant. 
(a) 
Variable TWINSPAN Groups 
1 2 3 4 5 6 7 p 
(n=6) (n=9) (n=7) (n=ll) (n=6) (n=3) (n=1 ) 
Litt (%) 12 12 11 12 8 14 25 ns 
(±2) (±2) (±4) (±2) (±2) (±1 ) 
B 1 (g/m2) 172 261 314 307 213 368 236 ns 
(±56) (±59) (±112) (±71 ) (±45) (±67) 
N2 (g/m2) 62 86 99 36 35 16 150 ns 
(±20) (±19) (±64) (±10) (±14) (±7) 
N3 (g/m2) 148 85 9 31 22 14 570 ns 
(±65) (±30) (±5) (±19) (±9) (±12) 
BNl (g/m2) 423 573 561 499 440 471 993 ns 
(+47) (+49) (+48) (±42) (±36) (±73) 
(b) 
Variable TWINSPAN Group 
1 2 3 4 5 6 7 p 
(n=6) (n=9) (n=7) (n= 11) (n=6) (n=3) (n=1 ) 
B3 (g/m2) 403d 379c 81 a 83 a 151 b 103 932 -0.001 
Nl (g/m2) 242 304 129 155 208 96 756 ns 
NT (g/m2) 497 592 216 262 254 134 1477 ns 
BN3 (g/m2) 510d 438c 87a 89a 164b 106 1493 =0.001 
BNT (g/m2) 1373e 1352d 800e 753b 683 a 647 2750 =0.025 
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Figure 3.3.11 Mean (±s.e.) dominant population(s) trait data per TWfNSPAN group for 
1999 season; different letters at head of graphs represents significant differences between 
group mea ns (Tukey test). Tests based on loge transformed data for a ll var iabl es except b. 
Group seven va lues are from the s ingle Lochwinnoch (L3) s ite. 
119 
Table 3.3.17 Non-significant dominant population trait va lues for 1999 data by Kruskal-
Wallace tests followed by non-parametric mUltiple comparisons, showing median values per 
group. 
Variable 
RAMht (em) 
SeedWt (g) 
1 
(n=6) 
80 
0.54 
2 
(n=9) 
73 
0.61 
TWTNSPAN Group 
3 4 
(n=7) (n= 11 ) 
39 44 
0.36 0.45 
5 6 7 P 
(n=6) (n=3) (n= 1 ) 
30 49 149 ns 
0.51 0.22 0 ns 
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Figure 3.3.12 Mean (±s.e.) groundwater variable values per TWINSPAN group for 2000 
season; different letters at head of graphs represents significant differences between group 
means (Tukey test). All variables untransformed. 
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Table 3.3.18 Environmental variable values for 2000 (a) by one-way Anova (tests based on 
loge transformed values, except *(Arcsin tranformed)) showing mean values (±s.e.): (b) by 
Mann-Whitney confidence tests for non-parametric values, showing median value;. 
Different superscript letters show significant differences between groups. ns = non 
significant. 
(a) 
Variable TWINSPAN Group 
1 2 3 4 P (n=5) (n=6) (n=5) (n=4) 
Flu (em) 18 (±4.2) 28 (±5) 17(±7.1) 15 (±6.3) ns 
Red (mV) 248 (±92) 124 (±16) 228 (±55) 166 (±64) ns 
Con (IlS/em) 179 (±48) 147 (±16) 198 (±29) 304 (±78) ns 
Bare* (%) 8 (±2) 8 (±1) 7 (±2) 13 (±5) ns 
K (mg/I) 2.82 (± 1.07) 1.15 (±0.43) 1.44 (±0.46) 1.29 (±0.36) ns 
F (mg/I) 0.09 (±0.05) 0.15 (±0.05) 0.06 (±0.03) 0.07 (±0.06) ns 
SO/- (mg/I) 5.74 (+1.86) 14.13 (+4.68) 9.28 (3.34) 20.31 (±18.21) ns 
(b) 
Variable TWINSPAN Group 
1 2 3 4 p 
(n=5) (n=6) (n=5) (n=4) 
pH 5.96 5.5a 5.96 5.76 -0.02 
Fe (mg/I) 0.25 a 0.31 ab 0.40ab 0.87b =0.037 
Mg (mg/I) O.77a 1.403 1.213 2.52b <0.02 
Mn (mg/I) 0.14 0.76 0.6 0.78 ns 
Ca (mg/I) 1.933 6.103 12.363 16.89b =0.037 
Na (mg/I) 7.19 8.52 7.14 9.12 ns 
CI (mg/I) 22.0P 41.77b 22.55 ab 25.83 ab =0.008 
N03 (mg/I) 0.07 0 0 0 ns 
P (mg/I) 0.006ab 0.002a 0.005ab O.OIOb <0.011 
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Figure 3.3.13 Mean (±s.e.) collective vegetation variab les per TWrNSPAN group for 2000 
season; different letters at head of graphs represents significant differences between group 
means (Tukey test) . Tests based on loge transformed data for va riables band e-i. 
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Table 3.3.19 Non-significant collective vegetation variables for 2000. (a) b~ one \\a~ 
analysis of variance, showing mean (±s.e.) values per group; (b) by Mann-Whitne~ 
confidence tests, showing median values. 
(a) 
Variable TWINSPAN Group 
1 2 3 4 P (n=5) (n=6) (n=5) (n=4) 
LITT (%) 16 (±3.6) 10 (±1.3) 24 (±7.0) 14 (±6.2) ns 
BI02 (g/m2) 127 (±19) 110(±18) 119 (±16) 141 (±18) ns 
NECI (g/m2) 397 (±76) 276 (±41) 520 (±73) 381 (±83) ns 
NEC2 (gim 2) 47 (±14) 57 (±15) 239 (±165) 33 (±13) ns 
NECT (g/m2) 454 (±84) 350 (±56) 799 (±207) 476 (±126) ns 
BNl (gim 2) 534 (±102) 421 (±48) 590 (±64) 554 (±76) ns 
BN2 (gim2) 174 (±28) 167 (±26) 358 (±161) 174 (±13) ns 
(b) 
Variable TWINS PAN Group 
I 2 3 4 p 
(n=5) (n=6) (n=5) (n=4) 
NENE (m-2) 1.0 1.5 1.3 1.8 ns 
REPR (m-2) 289 289 289 134 ns 
NEC3 (m-2) 11 14 30 39 ns 
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Figure 3.3.14 Mean (±SE) dominant population(s) trait variable data per TWfNSPA group 
for 2000 season; different letters at head of graphs represents significant differences between 
group means (Tukey test) . Tests based on loge transfonlled data for variables band e-i . 
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Table 3.3.20 Non-significant dominant population traits for 2000. (a) bv one wa\' analvsis of 
variance, showing mean (±s.e.) values per group; (b) by Mann-Whit~ey confidenc; tests. 
showing median values. 
(a) 
Variable TWINSPAN Group 
1 2 3 4 P (n=5) (n=6) (n=5) (n=4) 
DWS (g) 141 (±62) 261 (±65) 372 (±108) 677 (±516) ns 
SeedWt (g) 0.18 (±0.07) 0.27 (±0.13) 0.31 (±0.08) 0.35 (±0.17) ns 
(b) 
Variable TWINSPAN Group 
1 2 3 4 P 
(n=5) (n=6) (n=5) (n=4) 
SLA (mglcm2) 0.19 0.17 0.16 0.15 ns 
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3.4. Discussion 
3.4.1. Species composition between sites and between years 
Any study over a timescale of three years can only offer an extended 'snapshot' of the 
processes occurring within the sites in question, and their effects on species composition. 
van der Valk et al. (1994) consider succession to be one of the main factors which can 
confound studies of the impacts [of forms] of disturbance upon the composition and structure 
of vegetation. 
Many of the studies cited in section 3.1 are based upon single point measurements of 
environmental variables. This is a problem mentioned by de Mars et ai. (1997), who argue 
that certain events such as extreme flooding or drawdown are important in influencing and 
maintaining species composition. The authors therefore consider that long term monitoring 
is important. However, it is often the case that studies are short term due to restrictions upon 
a number of resources (e.g. manpower; money). The approach taken in this study has been 
to combine some longer term (three seasons) studies with shorter term (one season) studies 
of a greater number of sites. This approach has proven useful in elucidating some of the 
differences in environmental 'drivers' underlying different defined communities, and can 
help to explain some of the differences in species composition between these communities. 
Using an approach such as this helps inform management for the maintenance of defined 
community types, especially where existing classifications such as the NVC are described 
with only limited reference to underlying environmental parameters, and are not designed for 
long term monitoring (Rodwell et seq. 1991). 
Within the lifespan of this study a good deal of consistency was observed in the species 
composition of sites where repeated sampling was conducted. This adds weight to the case 
for conducting sampling over a single season in order to attempt to characterise site 
conditions. 
3.4.2. The success and value offitting data to existing community classifications 
The matching of the newly collected data to existing classifications had variable k\ els of 
success. However, in almost all cases at least half of the species listed for the ne\\ groups 
were in common with those listed for the NVC classifications, and a good proportinn of 
characteristic dominant species were recorded. 
Two factors which are discussed by Rodwell (1991 et seq.) offer possible e\.planations to the 
intermediate levels of success obtained with fitting the data to pre-defined communities. (I). 
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many swamp communities have been systematically understudt'ed and th x' YC . 
, e I" categortes 
are often based on relatively small group sizes and (2) low matches ma· tl t . I 
' ) re ec pre\ tOUS ) 
un-described associations, or sub-community types of existing communities 
When comparing year upon year classifications to those for the combined 3 year dataset the 
end groupings appear partially dependent upon the scale of the overall data pool. Based 
upon a TWINSP AN output for the combined data for the three years, less community types 
are recognised then when all three years are taken independently. However, as with the 
previous point, this is potentially a function of the poor matching to existing classifications. 
as outlined above. 
Fuzzy clustering is often successfully applied where land use is well defined and species 
composition is driven by just one or two major gradients related to land management as 
shown by Cole et al. (2001). TWINSP AN is successful and preferential in the context of 
this study, where definite indicator species define groups, but where a number of gradients 
(often surrogates for stress) are important in determining vegetation composition. In this 
study, fuzzy partition coefficients were therefore low, and groups contained disparate sites. 
3.4.3. Characterisation of communities 
In a review paper by Wheeler and Proctor (2000) which discusses and aims to clarity the 
minefield that is wetland nomenclature, the authors indicate that the S27 NYC swamp 
community type has a trophic status which is variable (in common with a number of swamp 
communities). For the 1999 community classifications, two S27 communities were defined 
(groups 1 and 4). Average manganese levels were found to be significantly higher in group 
4 than group 1, and in general the measured variables relating to groundwater environment 
tended to indicate a slightly higher trophic status within group 1. This higher trophic status 
was perhaps reflected in turn in generally higher values for a number of measured vegetation 
variables, with average canopy height being significantly higher for the group 1 S27 
community. Perhaps as a function of this increased canopy height, various biomass 
measures were also significantly higher in group 1, as was canopy area. This helps c1arif) 
the differences between two sets of samples with the same community classification. 
Similarly, examples of the S 11 tall sedge fen can have a trophic status ranging from 
oligotrophic through mesotrophic. The S 11 groups defined in 2000 were differentiated by 
significant differences in the average levels of both calcium and magnesiulll 
groundwater samples. Significantly higher levels of both wae observed in group 4. 
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in the 
As with the S27 community groupings for 1999, the S27 group with the higher tropic status 
was again characterised by significantly higher average biomass and stem density values. In 
addition, ramet height, reproductive structure weight of the dominant populations was also 
significantly higher in the Group 4 S 11 community grouping. 
Differentiation between mire community types defined within 1998 and 1999 (only one mire 
community type was classified for 2000) was possible by reference to chemical composition 
of groundwater. Those mire communities with predominant bryophyte presence (M9 Carex 
rostrata-Calliergon cuspidatum mire; M2 Sphagnum cuspidatumlrecurvum bog pool 
community) tended to be characterised by more ombrotrophic groundwater conditions than 
those with a greater vascular plant presence (M27 Filipendula ulmaria-Angelica sylvestris 
mire; M23 Juncus effususlacutiflorus-Galium palustre rush pasture). This appears relatively 
consistent with the findings of Daniels (1978), who made a division between such mire types 
on the basis of chemical and physical properties of groundwater. In mires with more 
geotrophic groundwater conditions, vascular plants predominated, while ombrotrophic sites 
tended to contain more bryophytes. 
Some of the differences observed between the various groupings bear good relation to the 
thermodynamic sequences which occur in waterlogged soils, as outlined in Chapter 1. These 
differences can further be related to the groundwater dynamic of the various groups. For the 
1999 dataset, N03- was highest in group 1 (S27a), whilst SO/ was lowest in this group. Of 
the groups formally compared, the water table depth was highest (i.e. inundated) in group I, 
but the level of fluctuation of the water table was the second highest, perhaps indicating a 
dynamic water table underlying this community type. This observation can be related to 
those of Patrick and Mahapatra (1968), who noted that in wetland soils nitrogen is usually 
lost too quickly for denitrification to be of value in rice crops, and furthermore 
mineralization cannot proceed past the ammonium stage because of lack of oxygen 
necessary for microbial conversion to nitrate. However, frequent fluctuations in the flooding 
and draining of soils produces ideal conditions for denitrification. Nitrate can then be lost 
and yields decreased through flooding in agricultural soils where there is excess nitrogen. 
However, on nitrogen deficient soils nitrate can be increased locally under these condition 
and yields increased. Amongst the groups formally compared. the average total standing 
crop values were highest in group 1. In contrast. overall levels of water table tluctuation 
were lowest in group 5 (S9b, Carex rostrata swamp). Nitrate levels were also low in thi .... 
group, and the average standing crop values were lowest in this group (of those formally 
compared). 
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In conclusion, it IS possible to characterise some of the differences between defined 
community types In terms of the environmental variables underlying and them. and the 
vegetation characteristics which occur as a result. These groupings do have particular 
floristic compositions which are comparable to recognised community types. From this 
baseline, there is the potential to look at differences between communities and perhaps 
predict changes between them, but this is an area which requires further research. 
In addition various traits of dominant species and of the collective community assemblages 
vary in relation to differing environmental drivers. Such traits therefore have potential to act 
as predictors of environmental regime, and conversely. it may be possible to produce 
predictions of how vegetation might change if it is subjected to altered hydrological regimes. 
This is a topic which is considered in more detail in Chapter 4. 
Chapter 4: Modelling eco-hydrological relationships within freshwater wetland 
vegetation 
4.1. Introduction 
In Chapter 3 vegetation-hydrology relationships were investigated within poor-fen, mire, and 
swamp communities in a number of northern British wetlands. A multivariate analysis 
approach was used to examine sets of field data: species assemblage and abundance, trait 
measures of both individual species and of communities and corresponding underlying 
environmental variables. 
Phytosociological approaches to the classification of vegetation data are obviously important 
for the understanding and management of a variety of habitats in Britain, and elsewhere (e. g. 
Denny, 1985). However, Rodwell (1995) notes that clear floristic and structural gradations 
occur from one extreme to another within fen systems, and that this can lead to difficulties in 
deciding where to draw boundaries between transitional types of vegetation. Floristic 
gradations are often varied and complex, making community separation difficult. In 
addition, Rodwell (1991 et seq.) recognises the limitations of these methods in monitoring 
temporal changes in plant communities. Functional approaches to vegetation classification 
(e.g. Grime, 1974; Keddy, 1992; Dickinson and Murphy, 1998), have been successfully 
applied by a number of workers (e.g. Diaz et ai., 1998; see also Duckworth et af.. 2000 for a 
recent review of the subject). Examples of successful applications of such techniques exist 
for wetland and aquatic ecosystems (e.g. Abernethy, 1994; Hills et ai., 1994; Murphy et af.. 
1994; Hills and Murphy, 1996; Daoust and Childers, 1998; Ali et ai., 1999). It is apparent 
from past and present work that functional approaches to vegetation assessment have the 
potential to be utilised as components of tools for monitoring environmental change, both on 
a wider habitat and biota basis (e.g. Murphy et ai., 1994; Abernethy et ai., 1996), and more 
specifically for wetland vegetation (e.g. Murphy et ai., 2001). 
4.1.1. Wetland gradients 
In the established phase of their life cycle, higher plants are generally relatively non-motile. 
and they must therefore be adapted to the conditions prevalent within their habitat. The 
commonly observed phenomenon of wetland vegetation zonation is closely linked to the 
level of the groundwater relative to the ground surface (e.g. Etherington. 1983; Denny, 19X5: 
Holland et al., 1990; Risser, 1990), although de Mars ef al. (1997) argue that more e\treme 
drawdown and flood events are equally as important in characterising certain tl(H)Jplain fen 
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communities; for example, the Glycerietum maximae IS reliant upon sprIng flooding 
followed by a degree of drawdown during the summer months. 
The study of wetland vegetation has been of particular interest to researchers due to the 
constricted nature of underlying environmental gradients. This is a phenomenon not 
generally encountered in systems that are either fully terrestrial or fully aquatic. Begon et al. 
(1996) describe the relationship within a number of land-water ecotones. For example, 
within rocky shores, exposure strongly dictates the distribution of inter-tidal algae. 
Meanwhile, fringing coastal ecosystems such as mangroves within the tropics contain 
species adapted to saline conditions, but with a requirement to have leaves and 
pneumatophores projecting above the water level. Also, salt marshes contain assemblages of 
plant species, which become progressively more saline tolerant towards open water. Studies 
by Marshall and Park (1976) within the North San Francisco Bay salt marshes, showed that 
Salicorna virginica occupied a habitat with higher soil salinity during the growing season 
than Sparlina foliosa, which was relatively less effective at excluding ions. While not an 
aquatic ecotone in the literal sense, a study of cliff-top vegetation within southern England 
by Malloch (1971, 1972), uncovered salinity gradients running inland, and related to 
exposure to sea spray, which had a bearing on plant species composition. 
4.1.2. Trait based assessments in ecology 
Noble and Slatyer (1980) used predominant 'vital attributes' to describe constituent species of 
communities subjected to recurrent disturbance, based upon (1) methods of persistence 
during a disturbance, (2) ability to establish and grow to maturity following a disturbance, 
and, (3) time taken to reach critical stages in their life history. The scheme they propose 
deals mainly with terrestrial communities, but as they state, could provide a framework for 
general applications in community biology and ecosystem management. 
Following up this concept, Keddy (1992a) stated that 'assembly rules provide one possible 
unifying framework for community ecology', and that with the environment acting as a filter 
for certain traits, or combinations of traits, principles should be generally applicable to 
systems with differing taxonomic compositions. In a further review Keddy (1992b), states 
that 'the need for general predictive models grows' as 'ecology matures, and the world's 
environmental problems continue to multiply'. He suggests that the science of functional 
ecology should have three basic components: (1) construction of trait matrices through 
screening; (2) exploring empirical relationships among these traits; (3) determining the 
relationships between traits and environments. 
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The use of trait-based assessments in plant ecology has potential weaknesses, as identified 
by Keddy (1 992b ), and Duckworth ef al. (2000) amongst others, but these are mainly 
concerned with the usefulness of what is being measured. Willby et al. (2000) also point out 
that in many cases it is still difficult to assign any specific function to an attribute type. One 
notable exception to this rule is the isoetid life form found within the shorelines of 
oligotrophic freshwater lakes (Dickinson and Murphy 1998). The life-form grouping 
consists of a number of species which are phylogenetically unrelated, but which share a 
compact rosette form able to withstand disturbance from wave action, in addition to 
substantial root systems which aid anchorage and nutrient (and CO2) uptake from gravely 
sediments. Stress-tolerance is also an important feature of the survival strategy of this group, 
due to light limitation in the deep water habit occupied by these plants (and which may be 
compounded where epiphytic algae overgrow their leaves), and due also to nutrient and C 
shortage in low pH, oligotrophic conditions prevailing in the lakes in which they occur. In 
this case it is relatively easy to identify the functional significance of both morphological and 
physiological traits exhibited by isoetid plants. 
A special edition of Freshwater Biology (Volume 31, 1994) focussed upon trait-based 
approaches to habitat assessments (Resh et al., 1994), and how habitats provide the template 
upon which characteristic species traits evolve within river systems (Townsend, 1994). 
Multidisciplinary studies were undertaken relating to the Rhone River and its floodplains, 
which studied trait representation from a general perspective (Cellot et al.. 1994: Doledec 
and Statzner, 1994), and within both floodplain vegetation (Pautou and Arens, 1994), and 
aquatic macrophytes (Bornette et al., 1994) more specifically. The approach was also 
extended to a range of animal taxa, including oligochaetes (Juget and Lafont, 1994), 
Crustacea (Marmonier et al., 1994), Plecoptera and Ephemoptera (Usseglio-Polatera and 
Tachet, 1994), aquatic Coleoptera (Richoux, 1994), Trichoptera (Tachet et al., 1994), aquatic 
insects (Usseglio-Polatera, 1994), fish (Persat et al., 1994), amphibians (1oly, 1994), and 
birds (Bournaud, 1994). 
Murphy et ai. (1994) undertook a study of the analysis of wetland functioning based upon 
the use of vascular plants and invertebrates, and work by Hills et al. (1994) focused on 
wetland vegetation. For this work information relating to specific strategies was gleaned 
from Grime et ai. (1988). From this the authors were able to delimit hydrological units (with 
differing levels of stress) on the basis of functional groupings of plants, using linear and 
multiple discriminant analyses. 
Willby et ai. (2000) acknowledge that over the last 20 years much valuable progress has 
been made towards the assemblage of species into non-taxonomic groupings, providing an 
appealing framework which synthesises large and complex data sets into smaller and more 
easily interpreted sets of attributes. As such, they are more accessible to non-specialists. 
The authors produced a classification of 120 hydrophyte species native or naturalised in 
Northern Europe, in relation to habitat utilisation following a systematic literature review of 
the biological characteristics of the species. The study used the habitat template of 
(Southwood, 1977, 1988) as a framework for the study, with trait development linked to 
contrasting spatial and temporal variability. From the systematic literature review. the 
authors composed a species-by-traits matrix (alternatively termed an attribute matrix), 
which, using discriminant analysis, explained 72% of the variation in physical habitat use. 
An approach taken by (Ali et ai., 1999) utilised field-measured variables of both the physical 
and biotic environment to assess the use of macrophyte functional variables as predictors of 
trophic status in flowing waters. In addition, information relating to morphology, 
physiology, and life history attributes was gleaned from extensive literature searches 
(following the methodology developed by Abernethy (1994». This information was then 
used as the basis for a non-hierarchical classification of river plant functional groups, which 
could be compared and contrasted to existing assemblage based classifications (i.e. the 
Macrophyte Trophic Ranking scheme (MTR» to predict trophic status. A combination of 
the models produced (termed River Trophic Status Indicator (RTSI) models), had a high 
predictive capacity (r=O. 72; p<O.OO 1), and explained over half of the variability in P. 
Duckworth et ai. (2000) consider that various approaches using plant functional types in 
community descriptions and biogeography have great potential, but that trade-offs exist 
between the time taken to measure traits, and the meaningfulness of the results gained. They 
also consider that the replacement of traditional taxonomic approaches by functional 
classifications purported by certain authors is neither imminent nor desirable. and that rather. 
the two approaches are complementary. One of the main future directions of research which 
is suggested by the authors relates to the use of plant functional types (PFT's) in the 
prediction of vegetation response to environmental change, and involving applications to 
remote sensing and GIS. The development and use of traits and attribute types in wgetation 
descriptions are further reviewed in Chapter 1 (sections 1.3.3, and 1.3...J.). 
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4.1.3. Predictive modelling in ecology 
Murphy and Hootsmans (2001) considers that the use of models in aquatic ecology currentl) 
emphasises three general approaches; (l) Simulation models; (2) Minimal linear models: (3) 
Spatial modelling: 
1. Simulation models mathematically link sets of sub-model routines, aiming to provide 
outputs for one or more biological or ecological response variables for a defined system. 
Examples include phytoplankton biomass change with time in response to changing 
catchment nutrient inputs (Frisk et ai., 1999); and models of trophic relationships in 
aquatic ecosystems (e.g. the software package ECOPATH: Christensen and Pauly. 
1992). Examples exist for the application of such models in a wetland plant community 
context (e.g. Ellison and Bedford, 1995). However, it seems that the popularity of 
larger-scale whole-ecosystem approaches to modelling has waned somewhat since the 
general failure of ecosystem-scale modelling attempts during the 1970 - 80s (Park et ai., 
1974). 
2. Minimal linear models are usually multiple-regression based procedures, and are 
restricted to a given envelope of applicability defined by the input values used in their 
construction and calibration (Scheffer and Beets, 1994). These models may form 
individual sub-routines within larger simulation models, may be used in stand-alone 
form to undertake particular tasks (e.g. Ali et ai., 1999), or may be used as part of spatial 
modelling procedures (see below), with model outputs being applied via an appropriate 
platform. 
3. Spatial modelling platforms are usually based on the use of Geographical Information 
Systems (GIS: e.g. Jensen et ai., 1992; Lehmann et al., 1997; Janauer, 1997), and are 
particularly well-suited for the depiction of "what-if' scenarios of spatial and temporal 
change in target response variables at landscape level. (Duckworth et al., 2000) consider 
that the synthesis of trait-based approaches to assessing vegetation response to 
environmental change is an area of research which has potential to be developed further. 
The aim of all of these approaches is the prediction of community performance in terms of 
one or more measurable attribute(s). Two commonly used attributes are biomass (or some 
other measure of abundance), and biodiversity. Sometimes the assemblage of organisms 
present is used, which is inherently more difficult to predict (Murphy and Hootsmans, 200 I). 
Further developments in the application of modelling approaches have been largely driven 
by legislative pressures. New environmental laws in Europe (e.g. the EC Water Frame\\orJ... 
Directive, due to be implemented in 2003: see section 1.2.2) have led to an increased intere~·;t 
In biomonitoring methods for assessment of the biointegrity ('"health") of fresh"ater 
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ecosystems (Parsons and Norris, 1996). Such assessment methodologies are based around 
the use of predictive models (or, alternatively multimetric systems) uSI'ng t' . 
, aqua IC organisms 
(or their attributes) to assess the ecosystem state of a given type of system (e. g. rivers) within 
a pre-defined area: the so-called ecoregion concept (Hughes and Larsen 1988) A . f 
, . review 0 
modelling applications in aquatic ecology is outlined by Murphy and Hootsmans (.2001): 
these include: 
• Catchment models. for modelling nutrient-water relationships for catchment 
management: These concern the modelling of nutrient fluxes derived from both point 
and non-point (diffuse) sources (e.g. Dillon and Rigler, 1974; Bevan and Kirby, 1979: 
Grieve and Gilvear, 1994). Such models typically simulate the physical and 
biogeochemical processes, which govern transport of pollutants (usually nutrients) in a 
catchment, and have been widely applied. 
• Modelling the performance of individual populations or species: A good deal of work 
centres around aquatic macrophytes, for which much is known regarding survival and 
growth, and their relationship to environmental conditions influencing growth, and with 
other aquatic organisms in a wide range of aquatic habitats (recent studies include: Ali et 
al., 1995; Sabbatini and Murphy, 1996; Spink and Murphy, 1997; Weisner et al., 1997; 
Sabbatini et al., 1998; Sidorkewicj et al., 1998; Bini et al., 1999; Ferreira and Moreira, 
1999; Dawson et al., 1999; O'Hare and Murphy, 1999; Murphy et al., 2000; Murphy et 
al., 2001). Despite this it appears that few specific models have been published for 
macrophytes. 
• Biodiversity modelling: Attempts have focused on predicting either change in the 
richness of a target biota, or some measure of diversity incorporating equitability (e.g. 
diversity indices such as the Simpson index), or have attempted to predict change in 
assemblage. For example, recent work In Brazilian freshwater lagoon systems has 
successfully modelled patterns of ,&diversity for aquatic macrophytes (Souza et al., 2001 
in press; Bini et al., 2001 in press). 
• 
• 
Modelling spatial distribution using GIS: Geographical Information Systems (GIS). 
provide a tool to generate maps describing changes predicted by models over time in 
space, and are increasingly used as the platform for depicting model outputs in aquatic 
ecological studies (see above). 
Changed State Models: The changed state concept (and its allied concept of the use of 
"reference sites") is the basis of much current thinking in designing assessment 
approaches for monitoring aquatic ecosystem health. In Europe. the Water Frame\\ork 
Directive (see section 1 . .2.2) requires EU member-states to implement. from 2003. 
improved techniques, which incorporate biomonitoring methodolo' t - h gles 0 assess t e 
ecosystem health of freshwater systems. The new techniques largely utilise the changed 
state concept. Macroinvertebrate community structure (invertebrate-based models) have 
been the basis for numerous water quality assessment methodologies world-wide (e. g. 
Metcalf, 1989). A good example of a biomonitoring system adopted in the UK to assess 
river ecosystem health using invertebrate-based predictive models is RIVPACS 
(Wright, 1995), and equivalents exist abroad. These changed-state predictive modelling 
systems are based on data collected from reference sites (unimpaired or minimally 
impaired) representing the range of natural conditions across the target regions covered 
by the models. 
Much predictive modelling is still based upon assemblage data only (especially for changed 
state models), with little or no measures of the functional attributes of the target organisms 
included. However, growing evidence exists for the predictability of functional, or attribute 
responses of organisms, in a range of aquatic and other systems (e.g. Hills et ai., 1994: 
Murphy et al., 1994; Hills and Murphy, 1996; Willby et al., 2000). 
Murphy and Hootsmans (2001) suggest that current minimal modelling techniques are 
somewhat limited by the fact that they employ linear algorithms, while biological systems 
are naturally non-linear and inherently noisy. It is suggested that non-linear modelling 
(based on chaos theory) may offer a promising approach for the future to meet the demands 
of generality of model application, and improved precision. However, the important role 
which linear modelling has played in our understanding of processes in biological systems 
should not be played-down. Murphy and Hootsmans (2001) argue that there is still a need 
for more generalised models, covering a greater range of issues and systems. Better use 
should be made of Geographical Information Systems, as an excellent platform for 
presenting model outcomes and applying them to real systems, in a way which is readily 
understood by practical users (Duckworth et al., 2000; Murphy and Hootsmans. 200 I). In 
addition, model outputs should be easily accessible to those who can make use of them (e.g. 
environmental managers, decision-makers and legislators), through the use of media such as 
Graphic User Interfaces (GUIs), which can show the outcome of modelled scenarios in user-
friendly formats (Murphy and Hootsmans, 2001). 
';.1.3.1. Basic principles o.fregression anal.vsis 
Regression analysis is regarded by Manly (1994) as one of the most important and frequentl~ 
used tools available for data analysis. The assumption of a simple linear regression is that 
there is a relationship between two variables )( and Y. and that X is in Sl)me \\a~ thought to 
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determine Y. As such, the Y variable is usually termed the 'dependent' variable. and X the 
'independent', or 'predictor' variable. The relationship between the two variables therefore 
takes the form: 
Y=a+flX+E 
Where a and f3 are constants and E is random 'error', with mean 0 and standard deviation (Y. 
a, f3 and (J can therefore be estimated, and used to quantify the relationship between X and Y 
. . USIng regressIOn. 
Multiple regression is the generalisation of a simple linear regression where a Y variable is 
related to more than one X variable(s). As such, Y can be regressed against several X 
variables, and the relationship takes the form: 
From this basis, the 'best' model can be achieved by restricting the independent (predictor) 
variables in the model to those with a regression coefficient (p) significant at P = <0.05, 
which produces a substantial increase in the predictive power (R2) of the model and which 
justifies the overall increase in the degrees of freedom (Zar, 1999), to obtain the most 
'parsimonious' model. Therefore, all modelling procedures will have a level of subjectivity 
involved. 
-1.1.3.2. The application a/minimal models in ecology 
ter Braak and Looman (1995) consider that in ecology, regression analysis has been mainly 
used for: 
• Estimating parameters of ecological interest, such as the optimum and ecological 
amplitude of a species. 
• 
• 
Assessing which environmental variables contribute most to a species' response, through 
tests of statistical significance. 
Predicting a species' responses (abundance: presence-absence) at sites from the obsef\ ed 
values of one or more environmental variables. 
van der Valk et al. (1994) assert that many factors can confus~. confound and sometimes 
invalidate studies of the impact of a form of disturbance upon the structure and compl)sition 
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of vegetation. These may include site characteristics such as soil type. the number and 
complexity of environmental gradients, or succession. However, progress has been made in 
modelling broad scale response of vegetation in relation to environmental parameters. 
Wheeler and Giller (1982) described predictive relationships between species richness and 
aspects of above-ground plant material in fen systems within the Norfolk Broads, England. 
Their findings generally support those of other researchers that increases in biomass are 
often associated with a reduction of species density. Later work by Wheeler and Shaw 
(1991) applied this principle over a wider geographical area (lowland England and Wales) 
and again showed generally negative relationships between species richness and species 
density. 
Willby et al. (1998) developed a minimal linear model incorporating attribute measures of 
the plant community, to predict plant a-diversity in Scottish riverine floodplain wetlands. 
The model has a high predictive power (R~O. 9), but due to the relatively large number of 
predictor variables employed, this is within a strictly limited envelope of applicability. 
The Scottish floodplain model for plant species richness (S) is: 
S = -5.016 +5.5(logI0STEM) +0.43(,jEh7) +3.7(CUT) +2.21(logIOREPR)-
1.04(DEEP) -1.63 (log 1 oMn) -13.4(arcsinBARE) 
Where STEM =stem density (m-2); Eh7 =soil redox; CUT =intensity of cutting for hay-
making purposes; REPR =density of reproductive structures within the vegetation; DEEP 
=water depth; Mn =soil manganese content; BARE =percentage of bare ground. As such, 
the model is driven by two field measured attributes of the wetland vegetation (STEM and 
REPR), one management variable (CUT), and four environmental variables (BARE, DEEP. 
EH7, and Mn) 
Using a similar approach, recent work by Murphy et al. (200 I) sought to find environmental 
predictors of three primary aquatic vegetation parameters (assemblage, a-diversity. and 
abundance) in the plant communities of a Brazilian sub-tropical riverine floodplain wetland 
(the varzea of the Upper Rio Parana, Brazil), and to determine whether functional attributes 
of the vegetation itself might act either as qualitative markers, or quantitative predictors of 
these parameters for modelling purposes. Previous work (Souza et al.. 200 I in press: Bini et 
al., 200 I in press) has assessed species richness and ,8-diversity patterns for aquatic 
vegetation in some of the aquatic habitats (lagoons) of this system. 
138 
A minimal linear modelling approach was adopted, with an envelope of applicability limited 
to varzea waterbodies of the Upper Rio Parana. During 1999 the aquatic vegetation was 
sampled at 45 sites within a stretch of the Rio Parana (and its tributary the Rio Ivinheima), 
including main and secondary river channels, backwaters, lagoons and distributaries. 
Macrophyte diversity (Io~SPP/l 00m2) and macrophyte biomass (810M) were both 
modelled: 
1. 10geSPP = 4.75 -0.237(1ogeFesed) -0.0148(Pwat) +0.0045(1ogeTOTW) 
-0. 000026( C3sed) 
(R2= 63.1%; p<O.OOI) 
2. 810M = 753.0 +381.0(lo~k) +260.0 (IogeTOTW) -I 38(1ogeFesed) 
(R2 = 27.2%; p=0.004) 
Where Fesed =sediment concentration of iron; Pwat =water concentration of phosphate; Cased 
=sediment concentration of calcium; K =underwater light extinction coefficient; TOTW =dry 
weight of individual ramets of dominant species present. 
The minimal modelling approach adopted showed that the aquatic vegetation of waterbodies 
within the Upper Rio Parana varzea exhibits predictable variation in its community attributes 
(size and shape of dominant species; diversity of plant assemblage present; biomass of plant 
community), along gradients of water and hydrosoil physico-chemistry occurring across the 
floodplain. 
4.1.4. Chapter overview 
In this Chapter a series of multiple regression models are proposed which vary both in terms 
of the dependent variables which they predict, and also in their generality (as determined by 
the overall number, and the nature of the independent predictor variables). In terms of the 
vegetation component of the models, the following are utilised: (I) General measured 
vegetation traits which exist irrespective of the species complement, and which may 
therefore vary either as (i) a function of the environment, or (ii) as a function of differing 
species composition; (2) Attributes recognised within specific species, and gleaned from 
references within the literature, which may vary between species, and may, or may not be 
present within a species. The proportion of the overall attributes within a given site, based 
upon the percentage of each species within the given site being the end product (i.e. an 
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attribute-by-site matrix, produced from a cross multiplication of a species-by-site matrix and 
a species-by-attribute matrix). This work attempts to build upon an approach which uses 
information gleaned from the literature to produce broad classifications relating to attribute 
types, and morphology etc. (e.g. Abernethy, 1994; Ali et al., 1999; Willby et al., 2000), 
which allows site by attribute matrix construction, with the inclusion of directly measured 
environmental variables, and which may act as predictors of attribute assemblage. As such 
the work represents a pilot study of this approach in the context of emergent northern British 
wetland vegetation. The various models may be summarised as: 
I a. Prediction of collective vegetation variables, and dominant population traits: 
• From a combination of groundwater and associated environmental variables, in 
conjunction with other vegetation variables (specific models: smaller 'envelope 
of applicability'). 
• From groundwater and associated environmental variables alone (general 
minimal models: larger 'envelope of applicability') 
1 b. Prediction of groundwater variables from measured vegetation variables: 
• From both collective vegetation variables, and traits of dominant populations 
(specific models). 
• From collective vegetation variables alone (general minimal models) 
2a. Prediction of proportions of attribute types within species combinations at independent 
sites from groundwater and other environmental variables. 
2b. Prediction of measured groundwater and other environmental variables from the 
proportion of attribute types present at each independent site. 
In summary, this Chapter: 
• Identifies the environmental gradients that appear to be acting as the primary drivers of 
species composition in the wetland sites studied. 
• Describes sites in terms of trait variations measured within the vegetation. 
• Provides a series of general and specific predictive equations describing eco-
hydrological relationships within the wetland vegetation studied. 
• Tests the predictive capacity of these models using test data from independent and repeat 
sample stations. 
• Assess the use of wetland attribute types as components of predictive equations of eco-
hydrological relationships. 
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4.2. Methods and Materials 
4.2.1. Field sampling 
Vegetation and groundwater data were collected as detailed in section 2.2.1. On return to the 
lab water samples were processed as outlined in Table 3.2.1. In addition, above-ground parts 
of individuals (whole plant or ramet) of each dominant population, from each fixed sample 
station were sectioned into stem, reproductive structures (where present), and leaves. These 
were then processed as outlined in Tables 3.2.2 and 3.2.3. 
4.2.2. Data analysis 
All data were tested for normality and transformed where appropriate. Data were normalised 
using a 10!Se (X x 100 + 1) transformation (Sokal and Rohlf, 1981). 
,,/.2.2.1. Identification a/main environmental gradients 
The influence of groundwater and other environmental variables on relative specIes 
assemblages was examined using canonical correspondence analysis (CCA: ter Braak & 
Smilauer 1998). Following an initial ordination, those environmental variables which were 
strongly correlated with other environmental variables, and which therefore offered no 
unique contribution to the analysis were omitted; these variables were identified as those 
with a variance inflation factor (VIF) >20. By limiting the number of environmental 
variables for subsequent analyses, the problem of the 'arch effect' was also avoided (ter 
Braak & Smilauer 1998). During the analyses the default option of automatic forward 
selection of environmental variables was selected, as this gives lower type II error, and the 
reduced model method only better maintains type I error with small data sets (ter Braak & 
Smilauer 1998). Monte-Carlo permutations were conducted to determine the variables 
which significantly influenced the ordination (p <0.05; although all variables p<sO.1 were 
included in Tables and Figures for illustrative purposes). The full model permutation option 
was selected for the same reasons that automatic forward selection was selected, namely to 
give lower type II error. ter Braak & Smilauer (1998) however, point out that recent 
research shows that the selection of either a reduced model or a full model has limited effect 
on the outcome. In addition, the data had been collected from stations positioned along fixed 
transects, but the design was semi-randomised, and all stations from several transects were 
being ordinated together (rather than comparisons being made within single transects). 
Therefore randomised permutations were used as this approach was valid for a randomised 
design (ter Braak & Smilauer 1998). 
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Further constrained analyses were conducted usmg the same species matrix, but the 
environmental variable matrix was substituted variously by two alternative matrices: one 
consisting of dominant population trait values, and one consisting of collective vegetation 
variable values (see Appendix 4 for average raw data). This was in order to characterise 
species and stations by differentiation in these variables. 
-1.2.2.2. Modelling offield data 
Models based upon field measured traits were constructed from the 1999 dataset alone with , 
the 2000 dataset being retained for model testing purposes. This was due to the fact that 
whilst species may vary between sites, the traits measured were common to all species and 
may be expected to vary as a function of the underlying environmental gradients. 
The constrained ordinations conducted (see sections 4.2.2.1 and 4.3.1) gave information 
relating to species composition in relation to environmental gradients and also allowed the 
characterisation of stations by differentiation in dominant population traits, and in collective 
variables. However, these were primarily concerned with aspects of the species assemblage 
within the sample stations, and their relationship to the external measured variables. In 
addition the number of variables measured was relatively large (see Tables 3.2.1-3.2.3), and 
therefore attempting to elucidate patterns between them using a method such as Pearsons 
time-moment correlation was not considered appropriate (Zar, 1999). Therefore, for the 
construction of the models each variable was tested individually against each of the other 
variables using the linear regression curve-fit function in SPSS 9.0. This was in order to 
determine the potential for each variable for use as a predictor variable, and also the response 
curve (if any) of the predictor variable (i.e. linear, cubic, quadratic) in relation to the 
independent variable. 
Stepwise regressions were then conducted, starting off with full models, where all potential 
predictor variables were included. Variables were then culled from the predictive equation 
where they offered no unique contribution to the model (i.e. the increase in degrees of 
freedom (d. f.) was not justified by the low increase in the R2). Scores predicted by the 
regression models were compared with the observed values by calculation of the product-
moment correlation coefficient, and residuals for the analyses were checked for normal ity by 
the construction of normal probability plots. 
Specific models whose envelope of applicability would generally be restricted to those sites 
where the data were collected were constructed employing a range of predictor variables. In 
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addition, general minimal models were constructed employing fewer predictor variables, and 
the envelope of applicability of these would therefore be expected to be wider. 
Models were tested using the datasets collected in 2000, which consisted of data from 
independent sites and repeat sites. This was in order to assess the precision of the models in 
repeat sites where environmental variables might differ between years (e.g. average water 
table level; see Chapter 2), and their precision using data collected from entirely new sites. 
Observed values were plotted against the values predicted by each of the models for the 
entire test data set, and for various sub-sets of the test data (for example, if some test data 
values for a certain variable were outwith the parameters of that variable when used to 
construct the model, the appropriate samples were removed from the analysis for 
comparison). 
4.2.2.3. Modelling attribute data 
The second major set of models constructed was more sensitive to species composition as 
the attributes gleaned from literature-based sources may, in theory, have been unique to just 
one of the species (e.g. semi-rosette form, rather than rosette or leafY form; see Table 4.2.1). 
In this instance the combined data (from independent, non repeat sites alone) collected 
during 1999 and 2000 was used to construct the models. This took into account the fact that 
a range of sites containing a variety of species was sampled during the course of the study 
(see Tables 2.3.1- 2.3.3). Attribute types were based on those listed in Grime et ai. (1988), 
but were selected on the basis that relevant information could be gleaned from other sources 
(e.g. Jermy et ai., 1982; Stace, 1997; biological floras (Journal of Ecology)) if no 
information appeared for a certain species in the first reference work (Grime et al., 1988) 
A standard matrix comprising a species by sample array was constructed. In addition, a 
second matrix comprising a species by attribute array was constructed. Therefore, where the 
attribute was present for a species, a score of 1 was assigned, and where absent, a score of 0 
was assigned. In cases where a species might exhibit either one of two alternative attributes, 
a score of 0.5 was assigned to each attribute (0.3 was assigned in the case of three potential 
attributes being exhibited, and so on). Each row of the species by sample matrix was then 
cross-multiplied by each column of the species by attribute matrix, in order to produce each 
individual cell of a new attribute by sample matrix. This matrix therefore contained 
information relating to the proportion (%) of each attribute within each sample. 
A constrained ordination of the attribute data in relation to the environmental data was 
conducted using CCA. Although the number of attributes was large. it was less than the 
143 
overall number of samples, and therefore the approach was valid (ter Braak and Smilauer. 
1998). Model construction followed the procedure detailed in section 4.2.2.2. 
Table 4.2.1 Attributes present for vegetation within independent sites sampled during 1999 
and 2000; based on Grime ef al. (1988), Jermy ef al. (1982), Stace (1997) and ~arious 
biological flora records (Journal of Ecology). tBased on mean yearly species lists. 
tt Attributes significant (p<0.05) under Monte-Carlo permutation for CCA ordination (ter 
Braak and Smilauer, 1998); see Tables 4.3.7 and 4.3.8 for further details. 
Attribute Attribute type Attribute Attribute Grouping present in used as 
vegetation predictor 
Life history (LH) samEled
t 
variablett 
I Summer annual 
./ 
2 Summer or winter annual 
3 Biennial 
./ 
4 Monocarpic perennial 
./ 
./ 
5 Perennial/ann ual 
6 Polycarpic perennial 
./ 
./ 
7 Monocarpic or polycarpic perennial 
Li fe form (LF) ttt 
I Phanerophyte (woody; buds >25Omm above soil) ./ 
2 Chamaephyte (woody/herbaceous; buds <25Omm but ./ 
above soil) 
3 Hemicryptophyte (Herb; buds at soil level) ./ ./ 
4 Geophyte (Herb; buds below soil level) ./ ./ 
5 Helophyte (Marsh plant) 
./ 
./ 
6 Hydrophyte (Aquatic plant) 
./ ./ 
7 Therophyte (Perennating as seeds) ./ 
8 Wetland species (facultatively 5 or 6) ./ 
Canopy structure (CS) 
1 Rosette (leaves confined to basal rosette, or a prostrate ./ ./ 
stem) 
2 Semi-rosette (stems leafY, but largest leaves towards ./ ./ 
base) 
3 LeafY (no basal rosette or size differentiation) 
Canopy height (CH) 
./ ./ 
I <100 mm ./ 
2 101-299 mm ./ 
3 300-599 mm ./ ./ 
4 600-999 mm ./ ./ 
5 1.0-3.0 m ./ ./ 
6 3.1-6.0m 
7 6.1-15.0m ./ 
8 >15.0m ./ 
Lateral spread (LS) 
1 Limited in extent and duration (therophytes) ./ ./ 
2 <100 mm diameter (perennial with compact, ./ ./ 
un bran ch ed tussocks) 
3 100-250 mm (perennial with rhizomes and tussocks) ./ 
4 251-1000 mm (perennial) ./ 
5 > I 000 mm (perennial) ./ ./ 
Dispersule and gerrninule form (OG) . 
I Fruit (or part of, e.g. nutlet or merlcarp) ./ ./ 
2 Seed ./ ./ 
./ 3 Spore . 
./ 4 Oispersule a fruit, gerrninule a seed (e.g. BeITIes) 
5 Germinule a seed. dispersed within fruit or as a seed ./ 
6 Bulbils 
7 Bulbils or seeds not produced ./ 
4.3. Results 
4.3.1. Environmental gradients driving species composition, and associated vegetation 
attributes 
4.3.1.1. Field data 
Ordination by environmental variables 1999 
For the forty-two 1999 wetland samples analysed using a constrained CCA ordination 
(Lochwinnoch site L3 excluded), 5 environmental variables were shown to be significant 
drivers of species assemblage within the sites (p<0.05 under Monte-Carlo permutation; 
Table 4.3.1). These variables were: pH (p=0.005), redox potential of the substrate (RED: 
p=0.005), percentage shade (SHA: p=0.03), maximum average water table level (MAX: 
p=0.045), and groundwater potassium content (lo~K: p=0.040). This followed the removal 
of variables (from the initial 19) which had a VIF>20 (Table 4.3.1a). Water level fluctuation 
(lo~FLU) was not significant at p~0.05 (p=0.1 0), but is included for illustrative purposes. 
The first axis of the ordination was significant (p=0.0 I), as were all axes combined 
(p=0.005) (Table 4.3.2b). The first two axes combined explained 47.2% of the species-
environment relationship alone, whilst all four axes explained 80.1 % of this relationship 
(Table 4.3.2a). 
The arrangement of sites and of the community types they represent (as defined in Chapter 
3) can be seen in Figure 4.3.1. Shade is closely correlated to the first axis of the ordination, 
and the G6 (NVC community, M2) mire sites, with relatively high levels of shade, are most 
clearly differentiated from the G2 (M23) rush pasture sites along this gradient. G5 (S9b) 
sites are characterised by higher pH values (circumneutral to basic), and also increasing 
levels of groundwater potassium. In contrast, the G6 (M2) bog pool community types are 
associated with more acidic. and potassium-poor groundwater conditions. 
The swamp associations of G 1 (S27a) and G5 (S9b) are generally associated with a higher 
average level of maximum inundation, and more reducing substrate conditions. However. 
the sites classified within G4 (S27a) are more variable in relation to these two gradients. 
One feature which does characterise this group is generally more acidic substrate conditions. 
A number of the rush-pasture samples (M23b) of G2 are associated with relatiwl~ high 
levels of groundwater fluctuation (suggesting intermittent flooding and drawdo\\ n). while 
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the G5 (S9b), and G 1 (S27a) samples are associated with generally more stable levels of 
inundation. 
Ordination by collective vegetation variables 1999 
Five collective vegetation variables were found to significantly influence the ordination of 
the site and species data collected for the 42 sites during 1999, under a Monte-Carlo 
permutation (Table 4.3.3b), from an original pool of 19 variables permuted. These were 
stem density (STDE: p=0.005), canopy height (CAHT: p=0.005), nearest neighbour distance 
(NENE: p=0.005), species richness/m2 (NOSP: p=0.005), and biomass at 0-10cm (B1: 
p=0.02). Two further variables which were not significant at p<0.05, but which have been 
included for illustrative purposes were, average stem diameter (STDI: p=0.095), and 
percentage litter cover (LITT: p=0.055). 
The first axis of the ordination was significant (p=0.005), as were all axes combined 
(p=0.005) (Table 4.3.4b). The first two axes combined explained 43.7% of the species-
environment relationship alone, whilst all four axes explained 73.2% of this relationship 
(Table 4.3.4a). 
The ordination diagram in Figure 4.3.2 shows that stem density is closely correlated with 
axis 1 of the ordination, and that the G2 (M23b) Juncus pasture and G3 (M9b) Carex mire 
samples are characterised by relatively high stem density values per m2. The opposite of this 
trend is generally true for the G4 (S27a) Carex fen, G5 (S9b) swamp, and G6 (M2) bog pool 
samples. Nearest neighbour distance follows the same pattern, being greatest where stem 
density is lowest; however, the two variables were not autocorrelated (represented in the low 
VIF: see Table 4.3.3a), suggesting that they may pick up different aspects of the structure of 
the vegetation (e.g. between tussock and non-tussock forming vegetation). In addition, 
average stem diameter also follows a similar pattern across the ordination, with larger stems 
present where stem density is lower (G4, G5, and G6: see Figure 4.3.2). 
Canopy height tends to be greatest in G 1 (S27a) fen samples, and lowest in G3 (M9b) mire, 
G4 (S27a) fen and G6 (M2) bog pool samples. Biomass in the lower strata of the canopy (0-
10cm) is conversely greatest amongst the latter three community types, and highest amongst 
samples of the first type. 
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Ordination by dominant population traits 1999 
Five dominant population traits were found to significantly influence the ordination of the 
site and species data collected for the 42 sites during 1999, under a Monte-Carlo permutation 
(Table 4.3.Sb), from an original pool of 11 variables permuted. These were canopy area 
(CA: p=O.OOS), total leaf area per ramet (RamTLA: p=O.OOS), total number of leaves per 
ramet (RamL V: p=O.OOS), total number of reproductive structures per ramet (RamRE: 
p=0.02), and ramet height (RamHT: p=O.OOS). Two further variables which were not 
significant at p~O.OS, but which have been included for illustrative purposes were dry weight 
of reproductive structures per ramet (RamDWR: p=0.09), and specific leaf area (SLA: 
p=0.10S). 
The first axis of the ordination was significant (p=O.OOS), as were all axes combined 
(p=O.OOS) (Table 4.3.6b). The first two axes combined explained 41.S% of the species-
environment relationship alone, whilst all four axes explained 71.S% of this relationship 
(Table 4.3.6a). 
The ordination diagram in Figure 4.3.3 shows that all variables are relatively closely 
associated with axis 1 of the ordination, with the exception of number of leaves per ramet, 
and total leaf area per ramet. Therefore, G 1 (S27a) Carex fen and G2 (M23b) rush pasture 
samples are generally characterised by dominant populations having a greater percentage 
canopy cover, greater ramet height, greater specific leaf area (i.e. thinner leaves), and a 
greater number of reproductive structures, and reproductive structure dry weight overall. In 
contrast, the values of these variables tend to be lower amongst the samples of the other four 
groups (Figure 4.3.3). An increase in total leaf area appears to coincide quite strongly with a 
decrease in the number of leaves per ramet for the dominant populations. However, any 
relationship between these variables and the ordination of any particular group is less clear, 
suggesting more variety between groups for these measured variables than for the others. 
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Table 4.3.1 CCA Variable Conditional Effects for all environmental data, 1999. (a) All 
environmental variables; (b) Significant environmental variables (p<O.05) following Monte-
Carlo permutation. See table 3.2.1 for explanation of codes. 
(a) 
Variable Variance Inflation 
Factor 
Min 30.5 
pH 3.5 
Sha 1.9 
Red 3.0 
logeK 2.8 
logeCI 13.4 
logeMg 11.5 
logeS042- 1.6 
Cur 22.2 
Max 10.9 
logeN03- 2.3 
logeF1u 4.6 
logeMn 2.1 
leNa 21.2 
Bare 1.5 
logeCa 8.0 
logeF 2.3 
logeCon 6.3 
logeFe 1.7 
(b) 
Variable LambdaA P F 
pH 0.39 0.005 2.05 
Red 0.37 0.005 2.05 
Sha 0.30 0.030 1.64 
Max 0.26 0.045 1.49 
logeK 0.27 0.040 1.50 
logeS04 2- 0.21 0.200 1.24 
logeFlu 0.23 0.100 1.34 
logeMn 0.21 0.270 1.17 
logeCI 0.18 0.400 1.07 
logeMg 0.19 0.305 1.12 
logeN03 0.18 0.460 1.02 
Bare 0.15 0.590 0.89 
logeF 0.14 0.675 0.80 
logeCon 0.13 0.820 0.79 
logeCa 0.15 0.720 0.84 
logeFe 0.12 0.835 0.68 
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Figure 4.3.1 CCA ordination of site and species data constrained upon environmental 
variables, 1999. ~ = G I (S27a); 0 = G2 (M23b); x = G3 (M9b); • = G4 (S27a); to. = G5 (S9b) ; + = 
G6 (M2). 
Table 4.3.2 Summary of CCA output with site data constrained upon environmental variable 
data, 1999. (a) CCA axis scores for first four axes ; (b) significance of axes under Monte-
Carlo permutation. 
(a) 
Axes 2 3 4 Total 
inertia 
Eigenvalues .449 .392 .340 .247 7.912 
Species-environment correlations .873 .897 .853 .789 
Cumulative percentage variance 
of species data 5.7 10.6 14.9 18.1 
of species-environment relation 25.2 47.2 66.2 80. 1 
Sum of all unconstrained eigenvalues 7.912 
Sum of all canonical eigenvalues 1.783 
(b) 
Test of significance of first canonical axis : eigenvalue - 0.449 
F-ratio = 2.105 
P-value = 0.0 I 0 
Test of significance of all canonical axes: Trace 1.783 
F-ratio 1.697 
P-value = 0.005 
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Table 4.3.3 CCA Variable Conditional Effects for collective vegetation variables. 1999. (a) 
All collective vegetation variables; (b) significant environmental variables (p<O.05 I 
following Monte-Carlo permutation. See table 3.2.2 for explanation of codes. 
(a) 
Variable Variance Inflation 
Factor 
logeSTDE 6.4 
logeCAHT 12.3 
NENE 4.6 
NOSP 2.5 
logeB2 31.6 
BT 27.5 
logeSTD1 3.87 
asinLITT 2.4 
logeNT 199.4 
logeBNT 73.8 
logeN3 12.9 
logeN1 160.9 
logeBN2 78.3 
logeN2 29.1 
logeBN3 1594 
logeB3 1317 
BNl 17.7 
I~Bl 6.1 
log)ffiPR 3.1 
(b) 
Variable LambdaA P F 
logeSTDE 0.50 0.005 2.68 
logeCAHT 0.38 0.005 2.11 
NENE 0.33 0.005 1.87 
NOSP 0.28 0.005 1.62 
logeB1 0.26 0.020 1.51 
logeSTD1 0.23 0.095 1.40 
asinLITT 0.24 0.055 1.39 
logeREPR 0.17 0.510 1.02 
BNI 0.17 0.420 1.02 
logeN3 0.16 0.465 0.99 
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Figure 4.3.2 CCA ordination of site and species data constrained upon collective vegetation 
variables, 1999. 0 = G I (S27a); 0 = G2 (M23b); x = G3 (M9b); • = G4 (S27a); ~ = G5 (S9b); + = 
G6 (M2). 
Table 4.3.4 Summary of CCA output with site data constrained upon collective vegetation 
variable data, 1999. (a) CCA axis scores for first four axes ; (b) significance of axes under 
Monte-Carlo permutation. 
(a) 
Axes 2 3 4 Total 
inertia 
Eigenvalues .542 .428 .371 .281 7.912 
Species-environment correlations .946 .943 .882 .808 
Cumulative percentage variance 
of species data 6.9 12 .3 17.0 20.5 
of species-environment relation 24.4 43.7 60.6 73 .2 
Sum of all unconstrained eigenvalues 7.912 
Sum of all canonical eigenvalues 2.218 
(b) 
Test of significance of first canonical axis: eigenvalue = 0.542 
F-ratio = 2.105 
P-value = 0.005 
Test of significance of all canonical axes: Trace 2.218 
F-ratio \.892 
P-value = 0.005 
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Table 4.3.5 CCA Variable Conditional Effects for Dominant population(s) traits. 1999 (a) all 
dominant population traits; (b) significant dominant population traits (p<O.05) following 
Monte-Carlo permutation. See table 3.2.3 for explanation of codes. 
(a) 
Variable Variance Inflation 
Factor 
RamCA 1.6 
logeRamTLA 10.8 
I<lgeRamLV 1.9 
I ogeRa mRE 2.2 
logeRamHT 2.6 
logeRamDWR 3.0 
logeSLA 2.6 
logeRamDWS 4.4 
logeRamDWT 9.7 
logeRamTLL 7.4 
logeRamDWL 6.1 
(b) 
Variable LambdaA P F 
RamCA 0.47 0.005 2.50 
logeRamTLA 0.33 0.005 1.82 
logeRamLV 0.32 0.010 1.83 
I ogeRamRE 0.30 0.015 1.69 
logeRamHT 0.28 0.010 1.65 
1 ogeRamDWR 0.24 0.095 1.37 
logeSLA 0.23 0.105 1.37 
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Figure 4.3.3 CCA ordination of site and species data constrained upon dominant population 
trait variables, 1999. [" = G I (S27a); 0 = G2 (M23b); x = G3 (M9b); • = G4 (S27a) ; t:. = G5 (S9b); 
+ = G6 (M2). 
Table 4.3.6 Summary of CCA output with site data constrained upon dominant population 
trait data, 1999. (a) CCA axis scores for first four axes; (b) significance of axes under 
Monte-Carlo permutation. 
(a) 
Axes 2 3 4 Total 
inertia 
Eigenvalues .515 .386 .337 .313 7.912 
Species-environment correlations .907 .890 .894 .893 
Cumulative percentage variance 
of species data 6.5 11.4 15.6 19.6 
of species-environment relation 23.7 41.5 57 .1 71.5 
Sum of all unconstrained eigenvalues 7.9 12 
Sum of all canonical eigenvalues 2.169 
(b) 
Test of significance of first canonical axis: eigenvalue - 0.5 15 
F-ratio = 2.366 
P-value = 0.005 
Test of significance of all canonical axes: Trace 2.169 
F-ratio 1.834 
P-value = 0.0050 
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Table 4.3.7 Variable Conditional Effects for species attr'b t 
. " 1 U e percentage represent t' 
sample statIOn for combmed mdependent 1999 and 2000't h' . a Ion per SI es, SOWing attnbutes . . fi (p<0.05) under Monte-Carlo permutation. See Table 4 2 1 fI I' slgm Icant 
" or exp anatlOn of codes 
Variable LambdaA p F Variance Inflation 
Factor 
Bryo 0.49 0.005 3.82 4.6 
LF3 0.39 0.005 3.08 14.6 
LS2 0.33 0.005 2.75 3.7 
CSI 0.33 0.005 2.81 18.9 
CS3 0.25 0.005 2.26 17.6 
leLF4 0.27 0.005 2.46 2.1 
leLS5 0.27 0.005 2.49 2.6 
LH6 0.25 0.005 2.41 12.6 
LF5 0.25 0.005 2.52 9.1 
LH4 0.21 0.005 2.18 1.9 
D02 0.22 0.005 2.30 13.2 
CS2 0.19 0.005 2.02 18.0 
DOl 0.21 0.005 2.35 22.8 
LF6 0.17 0.015 1.97 1.8 
CH5 0.16 0.005 1.93 5.6 
CH4 0.17 0.010 2.01 3.8 
CH3 0.17 0.010 2.14 5.7 
logeLS 1 0.15 0.005 1.93 2.1 
Table 4.3.8 Summary of CCA output axis scores for first four axes for site data constrained 
~pon species attribute percentage representation per sample station for combined 
Independent 1999 and 2000 sites 
Axes 2 3 4 Total 
inertia 
Eigenvalues .573 .446 .407 .373 7.234 
Species-environment correlations .969 .979 .945 .947 
Cumulative percentage variance 
of species data 7.9 14.1 19.7 24.9 
of species-environment relation 12.8 22.7 31.8 40.1 
Sum of all unconstrained eigenvalues 7.234 
Sum of all canonical eigenvalues 4.485 
-1.3.1.2. Literature derived attribute data 
All of the original 17 attributes permuted In a CCA ordination (see Table 4.2.1). plus 
percentage bryophyte cover (Bryo), were found to significantly influence the ordination of 
the 54 independent sites sampled during 1999 and :WOO (see Table 4.3.7). The VIF 
exceeded 20 for one attribute type alone (OG I: dispersule and germinule form = a fruit. or 
part of), but at only 22.8 was retained within the analysis. 
Due to the large number of variables found to be significant (p~0.05). the production \If a 
CC A biplot was not considered appropriate. HO\\~ver. th~ first t\\O axcs combin~d 
explained 22.7% of the species-environment (attribute) relationship, while the cumulative 
total explained for all four axes combined was 40.1 % (Table 4.3.8). 
4.3.2. Predicting eco-hydrological relationships in wetland vegetationfromfield-derived 
variables 
-1.3.2.1. Predicting vegetation variables 
A total of eighteen models were produced for the predication of vegetation variables with 
environmental variables alone, or in combination with other vegetation variables acting as 
predictors (Tables 4.3.9 and 4.3.10). The models explained from 15% of the variation in the 
dependent variables (R2=0.15; p=0.049) for the prediction of number of leaves per ramet of 
the dominant population(s) (lo&:RamL V) (see Table 4.3.9b), to 67% (R2=0.67; p<O.OO I) for 
the predication of stem density (IogeSTDE: Table 4.3.9a). The model predicting stem 
density (lo&:STDE) contained 5 independent predictor variables, but the response of pH 
alone was linear, making the model relatively complex. 
The predictive power of the models exceeded 50% (R?:. 0.5) for six of the vegetation 
variables being predicted (Tables 4.3.12 and 4.3.13). Species richness (S) was strongly 
predicted (R 2=0.64; p<O.OO 1: Table 4.3.12; equation I). The equation contained five 
predictor variables in total. Two environmental variable predictors were redox potential 
(RED), and CI content of the groundwater (CL). The suggestion from the cubic function of 
both of these variables was that they increased initially in relation to increasing species 
richness, decreased, and then increased again. One collective vegetation variable, stem 
density (STDE) appeared to increase in a linear fashion in relation to increased species 
richness, while the dominant population trait of dry weight of reproductive structures per 
ramet (lo&:RamDWR) appeared to decrease linearly. A further dominant population(s) 
predictor was number of leaves per ramet (logeRamL V), with a quadratic function in the 
equation suggesting an initial decrease followed by an increase in the values of the variable 
relative to increasing species richness. 
Using test data from 2000, the model had some success in predicting species richness from 
the new values, although the limits were noisy (Figure 4.3.4). The model for predicting 
species richness was relatively specific (due to the relatively large number of predictor 
variables employed the model would be expected to have a limited envelope of 
applicability). However, on using the entire test data set (which contained new sites outwith 
those from which data was collected to build the models), two values predicted from test 
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data from repeat sites (Insh marshes 7 and 8) were poorly predicted (Figure 4.3.4a); the 
correlation between predicted and observed values was low (r=0.08) as a result. 
The application of the model predicting species richness was further investigated on two sub-
sets of the test data. Firstly, due to a general drying of the Insh Marsh transect 1 stations (see 
sections 2.3.2 and 2.3.3, chapter 2), several highly oxidising redox values were recorded. 
Therefore, samples with redox values falling outwith the parameters of the model 
construction data were removed from the analysis. The correlation between observed and 
predicted values was slightly increased (r=0.19), and it can be seen from Figure 4.3.4b that 
of the sixteen predicted values remaining, nine were within approximately two units of the 
corresponding observed values. Values for the independent Endrick Marsh sites are 
particularly well predicted, suggesting a more general applicability of the model within a 
poor fen wetland type. However, with the exception of station 6 at Wood of Cree, the values 
are generally under-predicted for this site. This may be due to the generally species rich 
nature of the site (see section 2.3.1, Chapter 2), coupled with other variable values which are 
generally more comparable to the other sites sampled. The removal of these samples (Figure 
4.3.4c) increased the correlation between predicted and observed values (r=0.49). 
For the models predicting stem density (logeSTDE) both the specific model, and a more 
general model (with fewer predictor variables) had a predictive power of greater than 50% 
(R2= 0.67; p<O.OOI and R2 = 0.55; p<O.OOI respectively: see Table 4.3.12, equation 2). The 
more specific model contained a relatively large number of environmental variables acting as 
predictors. The N03' content of the groundwater (logeN03) had a cubic function within the 
equation, suggestive of an initial increase, followed by a decrease and subsequent increase of 
the variable in relation to increasing stem density. Average water level had quadratic 
response expressed relative to increasing stem density, with an initial decrease followed by 
an increase (i.e. greatest stem density in wetter sites). Both level of water table fluctuation 
and minimum water level were expressed as the opposite of this (with an initial increase 
relative to increasing stem density). The relationship between pH and stem density appeared 
more linear, with an increased stem density as groundwater samples became less acidic. 
The use of test data from 2000 showed once again that the limits of the prediction were 
relatively noisy (Figure 4.3.5), with eleven of the total of twenty predicted values being 
within approximately one unit (on a logarithmic scale) of their corresponding observed 
values (r=O.4I). The removal of samples with extreme NO) values (Figure 4.3.5b), outwith 
those of the original model parameters, led to a reduction in the correlation between 
observed and predicted values (r=O.3 7), as did the use of I nsh marsh sites alone as test data 
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(r=O. 16). Once again, a number of values were well predicted for the independent Endrick 
Marsh samples (with the exception of E 1), and a number of repeat sample Insh Marsh station 
values were not predicted well (Figure 4.3.5a). As with the models for species richness, this 
may have been due in part to relatively dramatic changes in average water table levels 
between years. However, in contrast, the values predicted for most of the Wood of Cree 
sites were relatively good. 
The more general model for prediction of stem density (logeSTDE) (Table 4.3.12, equation 
2b) which utilised equivalent quadratic functions for both average water table level and level 
of water table fluctuation, and a linear function for pH alone, still gave a relatively good 
prediction (R2 =0.55;p <0.001). When tested using all of the 2000 test data, this model gave 
a slightly higher correlation (r=0.44) between predicted and observed values for stem 
density, than had the more specific model (Figure 4.3.6a). In this instance, sixteen of the 
twenty predicted values were within half to one unit of the observed values. This including 
several samples from Insh Marsh stations (13, 9, 7 and 8) which had been poorly predicted 
for the more specific model (Table 4.3.12, equation 2a). In general, the values predicted for 
the Wood of Cree samples were unimproved by the use of a more general model, although 
the removal of samples with extreme N03 values once again improved the correlation overall 
(r= 0.48) between observed and predicted values. 
Four trait variables measured within the dominant populations of the wetland vegetation 
were strongly predicted (R2 ::::0.5) from a number of environmental variables alone (Table 
4.3.13). All four models constructed were general, in that the number of variables used was 
relatively small (three or four only). 
Number ofleaves per ramet (logeRamL V) was relatively well predicted (R2= 0.58; P <0.001) 
from four groundwater and substrate environment predictor variables (Table 4.3.13, equation 
1 ). Average water table level (W AT) was expressed by a cubic response, suggesting an 
initial decrease in this variable in relation to an increase in number of leaves per rame!, 
followed by a decrease. The response suggested in relation to increasing minimum water 
table levels (MIN) (i.e. samples with less drawdown) was the opposite of this. A decrease in 
redox potential (RED) followed by an increase in relation to increasing number of leaves per 
ramet was suggested by the quadratic function of this predictor, and an increased number of 
leaves appeared to be linked to a linear decrease in pH value (i.e. progressively more acid 
samples). 
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When the model was tested with the total complement of data form 2000 (Figure 4.3.7a). the 
correlation between predicted and observed values was relatively low (r =0.10). and values 
for three of the samples (17, 18 and E 1) were greatly over-predicted. The removal of these 
three samples, plus sample 16, due to redox values outwith the parameters of the original 
model data, increased the correlation between observed and predicted values only slightly (r 
=0.16). However predicted values for thirteen of the remaining sixteen samples were within 
approximately one unit of their corresponding observed values (Figure 4.3.7b). The 
correlation between predicted values and observed values for Insh Marsh samples alone 
(minus those removed due to excessive redox values: Figure 4.3.7c) was slightly higher 
again (r= 0.34). Predicted values for two of the samples (E3, and E4) almost exactly 
corresponded to observed values. 
Canopy area (%) was relatively well predicted (R2 =0.59; P <0.00 I) from four groundwater 
variables (Table 4.3.13, equation 2) Average water table level had a cubic function relative 
to increasing canopy area., with the suggestion that an initial decrease in water table level 
was linked to increasing canopy area (followed by an increase, and an eventual decrease). A 
quadratic function for degree of water level fluctuation (IogeFL U) suggested that an 
increase, followed by a decrease in fluctuation was linked to an overall increase in canopy 
area. A linear increase in both minimum water table level (MIN), and pH suggested a link 
between an increase in these variables and an increase in canopy area. 
There was no correlation between the observed values for the test data and the values 
predicted from these by the model, and in addition an number of values were greatly over-
estimated (i.e. predictions for El, 16-9, and W4-6 all exceeded 100%). However, across the 
range of sites, eight of the predicted canopy area values were within 10% of the observed 
values (Figure 4.3.8a). Predicted values for Insh Marsh sites alone (Figure 4.3.8b) gave a 
low correlation to observed values (Figure 4.3.8c), with this again possibly due to the dryer 
nature of a number of sites over subsequent years. 
Total leaf area (IogeRamL V) was well predicted (R2 =0.54; P <0.001) from three 
groundwater variables alone. (Table 4.3.13, equation 3) Average level of groundwater 
fluctuation (IogeFLU) followed the same pattern as when predicting canopy area (above). CI 
content of the groundwater (CL) was characterised by a quadratic function. with total leaf 
area appearing to continue to increase as CI content increased. and then fell once again 
conductivity (CON) exhibited a positive linear increase relative to increasing leaf area. Once 
again. a number of sites had values which were greatly over-predicted by the model. but 
these were sites where conductivity levels were outwith the range of those used to produce 
159 
the original model (Wood of Cree sites), or were repeat sites which were dryer than in 
previous years (e.g. 16 and 19). However, eleven of the twenty predicted values closely 
corresponded to the observed values from which they were derived, and a further three 
predicted values (E 1, 18, and W3) were within approximately two units of their 
corresponding observed values. From Figure 4.3.9b, it can be seen that a number of the 
predicted values for Insh Marsh sites almost exactly corresponded to the observed values 
from which they were predicted. 
The ratio of the dry weight of stems to the dry weight of leaves (DWS:DWL) was 
significantly predicted (R2 =0.53; P =0.002), from three groundwater variables (Table 4.3.13, 
equation 4). An increase in the biomass of stem in relation to the biomass of leaves (i. e. less 
'leafy' individuals) was characterised by cubic functions for average water level (WAT), 
minimum water table level (MIN), and average level of water table fluctuation (logeFLU). 
While it appeared that decreasing' leafiness' was linked to an initial increase in both water 
level and degree of water table fluctuation, an initial decrease in minimum water table level 
appeared to be a good predictor (i.e. more drawdown, in association with a greater degree of 
fluctuation overall). 
Predicted values showed a negative correlation with the observed values when the model 
was applied to the entire set of test data (r =-0.10), and to a sub-set of Insh Marsh sites alone 
(r =-0.23: see Figure 4.3.10). However, only one value (for Insh Marshes station 8), was 
greatly over-estimated, and half of the values predicted were within half a unit of their 
corresponding observed values. 
In addition total average dry weight of reproductive structures per ramet (logeRamDWR) 
was relatively well predicted (R2 =0.31; p =0.003) from one groundwater variable alone 
(average level of groundwater fluctuation: 10geFLU), which took a cubic function within the 
model (Table 4.3.10; Appendix 8b). An initial decrease in level of fluctuation, followed by 
an increase and subsequent decrease appeared to characterise increasing reproductive 
structure dry weight. 
-1.3.2.2. Predicting hydrological and groundwater-related environmental variables 
A total of nineteen models were produced for the prediction of groundwater and associated 
variables from various vegetation variables (Table 4.3.11). Eight of these were specific 
models, using a relatively large number of combined collective vegetation variables and 
dominant population traits to act as predictors (Table 4.3.lla), and their predictive power 
ranged from R:C =0.40 (p =0.010) for the prediction of conductivity. to R~ = 0.79 (p <0.001) 
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for the prediction of minimum average water table level (MIN). An additional four of the 
eight models, predicting average water table level (W AT), average level of water table 
fluctuation (logeFLU), redox potential (RED), and pH (PH), predicted over 50% of the 
variation (R2 >0.5) for the given variable. 
General models also were produced for each of these same eight dependent variables (Table 
4.3.11 b), and also for three additional variables (lo&Cl, 10&N03, and 10&SOt). The 
predictors for these minimal models were reduced to a maximum of three in each case, and 
consisted only of collective vegetation variables (i.e. variables which could easily be 
measured in the field, or be quickly derived from field measurements, and required minimal 
specialised knowledge of the species assemblage). Once again the form taken by the 
predictor variables was not always a simple linear one, and predictive equations contained 
quadratic and/or cubic functions in some instances. 
The predictive power of the vanous models ranged from R2 =0.14 (p =0.013) for the 
prediction of groundwater sulphate (lo&sol-), to R2 =0.55 (p <0.001) for the prediction of 
minimum average water table level (MIN). This was the only general model for which the 
predictive power exceeded 50% (R2 ::::0.5). 
A verage water table level relative to ground surface level (W AT) was strongly predicted (R2 
=0.77; P <0.001) from five basic measures of the dominant population(s) (Table 4.3.14, 
equation 1), hence the model was relatively specific. An increase in water table level was 
predicted by a quadratic response in the number of leaves per ramet (lo&RamL V), 
characterised by an initial decrease in number of leaves. Canopy area (RamCA), and ratio of 
dry weight of stems to dry weight of leaves (DWS:DWL) also characterised an increase in 
number of leaves via a cubic function, but this time with an initial increase in the variables. 
Dry weight of reproductive structures per ramet (RamDWR) and number of reproductive 
structures per ramet (IogeRamRE) were both characterised by an increase followed by a 
decrease (quadratic function) in their values, relative to increasing water table level. 
The predicted values correlated well with the observed values (r =0.72: see Figure 4.3.11 ). 
In the case of some observed values which were negative (i.e. average water level below 
ground surface), the predictions were not particularly good. However. these tended to be the 
same sites which were predicted poorly for other variables previously mentioned (i.e. ELI 7, 
19), and probably for the same reasons of exceptionally low water table levels in the year that 
the test data was collected within some of the systems. Overall. from a total observed range 
of average water table levels of approximately 35cm (c.-30cm to c.5cm), eleven of the sites 
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had predicted values which were within Scm of their corresponding observed values. 
Probably due to the factors discussed earlier (i.e. progressive drawdown between years) 
some of the Insh Marsh sites were not very well predicted (F igure 4.3.11 b). 
A specific model and a more general model predicting minimum water table level (MIN) 
was produced (Table 4.3.14, equation 2a and b). The specific model (R2 =0.77; P <0.001) 
utilised one collective vegetation variable, species richness (S: cubic function, with an initial 
increase in relation to less draw down), and three dominant population traits as predictor 
variables. The dominant population traits were, canopy area (RamCA: again with a cubic 
function with an initial increase), number of reproductive structures per ramet (Io&RamRE: 
quadratic function, increasing, and then decreasing in relation to more permanently 
inundated conditions), and ratio of dry weight of stems to dry weight of leaves (0 WS:O WL). 
This final variable exhibited a cubic relationship, with an initial decrease in 'Ieafiness' of 
individuals in relation to wetter conditions. The more general model (R2 =O.SS; P <0.001) 
utilised three collective variables alone: species richness (S) took the same form as for the 
specific model. Stem density (STDE) characterised increased minimum water table levels 
by increasing, and then decreasing. Total biomass per m2 (BT) predicted decreased 
drawdown as its values decreased linearly. 
The values predicted by the specific model for the full test data set were well correlated with 
the observed values (r =0.6S: see Figure 4.3.12a). As with the predictions for average water 
table levels (Figure 4.3.11), values were poorly predicted for the same sites. However, 
thirteen of the predicted values were within approximately Scm of the observed values (over 
a total observed range running from c.-40cm to c.20cm). Once again, some of the Insh 
marsh sites with extreme values measured during the collection of test data were poorly 
predicted (Figure 4.3.12b). 
The figures predicted by the general model for the complete test data set were less well 
correlated with the observed values (r =0.39: see Figure 4.3.13), and the Insh marsh sites 
with extreme values were again poorly predicted. However, eight of the values predicted 
were close to those observed (i.e. within Scm). 
Average level of water table fluctuation (logeFLU) was relatively well predicted (R2 =0.63; P 
< 0.001) from three collective vegetation variables: nearest neighbour (NENE). total biomass 
per m2 (BT) and number of reproductive structures per m2 (IogeREPR), and two dominant 
population variables: dry weight of reproductive structures per ramet (lo&RamOWR) and 
ratio of dry weight of stems to dry weight of leaves (OWS:OWL). Both nearest neighbour 
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distance and dry weight of reproductive structures per ramet exhibited a quadratic response. 
with an initial decrease, and then an increase in values relative to increasing fluctuation 
(Table 4.3.11). Biomass exhibited a cubic response, suggesting an initial increase in relation 
to increasing fluctuation, followed by a decrease, and finally increasing again. The number 
of reproductive structures overall increased relative to an increase in water level fluctuation. 
while the amount of dry weight of stems to leaves decreased (i.e. the plants comprising the 
dominant populations became relatively less 'leafy'). 
A verage level of water table fluctuation was well predicted from the observed values for a 
number of samples. Twelve of the predicted values were within approximately one unit of 
their corresponding observed values, with seven of these predicted values being very close to 
the observed (Figure 4.3.14a). The sites with values not well predicted included the Insh 
Marsh sites (Figure 4.3.14b) which had been subject to drying, and some of the Wood of 
Cree samples. This may have been due to the relatively general low biomass encountered 
for the samples comprising this site (see Chapter 3, Figure 3.3.10), leading to under-
prediction of groundwater fluctuation values. 
Redox potential (RED) was strongly predicted (R 2 =0.68; P <0.001) from three dominant 
population traits (Table 4.3.14). The number of reproductive structures per ramet 
(logeRamRE) exhibited a quadratic response in relation to increasing redox values (i.e. more 
aerobic substrate conditions), suggesting an initial decrease followed by an increase in values 
for the variable. The ratio of dry weight of stems to shoots followed the same pattern, 
suggesting that the dominant populations became progressively less 'leafy', and then 
increasing in 'leafiness' once again as substrate redox values became more aerobic. The 
response of the third predictor variable, species richness (S) followed the opposite pattern, 
with a suggested increase followed by a decrease as redox values increased. 
Although there was a visible correlation (r =0.44) between predicted and observed redox 
values when the predictive equation was applied to the full complement of test data (Figure 
4.3.15a), the precision of the predictions was relatively poor in some cases. Seven of the 
predicted values were within approximately 50m V of the corresponding observed values. 
Once again, the values which were least-well predicted included repeat sites which had dried 
from the subsequent year (Figure 4.3.15b), plus a number of Endrick Marsh sites. Under-
prediction of values for Wood of Cree sites was possibly due again to the use of species 
richness as a predictor variables, and samples from this site having relatively higher species 
richness values than those from other sites. 
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The model produced for the prediction of pH values (Table 4.3.14, equation 5) explained 
over 60% of the variation in the samples (R2 =0.62; P <0.001), from three collective 
vegetation variables, and three dominant population traits. Average stem diameter 
(lo~STDl) exhibited a negative relationship in the equation, suggesting a decrease as pH 
values increased (i.e. stems became narrower as groundwater samples became more 
circumneutral to alkaline), as did the ratio of biomass present at 0-1 Ocm to that at 10-20cm 
(IogeB 1 :B2) (i.e. less biomass in the lower strata of the vegetation relative to the amount 
higher up in the canopy). Number of reproductive structures (lo~REPR) in the vegetation as 
a whole had a positive linear function, suggesting an increase as pH values increased. Linear 
functions suggested that number of leaves per ramet (Io~RamL V) decreased as pH values 
increased, while canopy area increased. The final predictor variable (number of reproductive 
structures per ramet of the dominant population(s): 10geRamRE) was the only variable with a 
non-linear response function. An initial linear increase was indicated relative to increased 
pH values, followed by a decrease in number of reproductive structures overall. 
Although the values predicted from the entire set of test data by the model were negatively 
correlated to the observed values (r =-0.56), many of the values were well predicted (Figure 
4.3.16). Values ranged from approximately pH 5.5 to 7.2, and fourteen of the total predicted 
values were within 0.2 units of their corresponding observed value. The least-well predicted 
values were for the lnsh Marsh sites which had seen drying from the previous years, and a 
number of Wood of Cree samples (Figure 4.3.16b), possibly due to the more strongly acidic 
conditions encountered within this site (see Table 2.3.6, Chapter 2). 
The equations for models with R2 <0.50 are given in full in Appendix 8. 
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Table 4.3.9 Summary of multiple regression models for the prediction of Collective 
Vegetation Variables, ·showing direction of initial linear phase of response. See Tables 
3.2.1-3.2.3 for explanation of codes and units of measurement. (a) specific models with 
several environmental and vegetation trait predictors; (b) general minimal models with 
restricted environmental predictor variables. 
(a) 
Dependent Variable (y) Independent Predictor Response * Regression R2 p 
Variables (b) 
Species Richness (S) RED Cubic+ 0.64 =<0.001 
logeCI Cubic+ 
logeSTDE Linear+ 
logeRamLV Quadratic-
logeRamDWR Linear-
loge Stem Density logeN03 Cubic+ 0.67 =<0.001 
WAT Quadratic-
MIN Quadratic-
logeFLU Quadratic+ 
PH Linear+ 
(b) 
Dependent Variable (y) Independent Predictor Response Regression R2 p 
Variables (b) 
Species Richness (S) RED Cubic+ 0.41 0.003 
logeCI Cubic+ 
loge Stem Density WAT Quadratic- 0.55 =<0.001 
logeFLU Quadratic+ 
PH Linear+ 
Nearest Neighbour logeFLU Quadratic- 0.43 =<0.001 
PH Linear-
loge Canopy Height logeCON Linear+ 0.11 =0.035 
loge Stem Diameter logeCI Linear+ 0.30 =<0.001 
PH Linear-
loge Biomass, 10-20cm logeFLU Cubic+ 0.37 0.004 
RED Quadratic-
Biomass, total logeFLU Cubic+ 0.45 =0.006 
RED Quadratic-
logeK Cubic-
loge 0-1 Ocm: 10-20cm PH Linear- 0.27 =0.007 
Biomass ratio (loge logeCON Quadratic+ 
Bl :B2) 
loge Number of PH Linear+ 0.15 =0.049 
Reproductive logeN03 Linear+ 
structures 
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Table 4.3.10 Summary of multiple regression models for the prediction of dominant 
population traits from environmental predictor variables; see Table 4.3.13 for further 
explanation. 
Dependent Variable (y) Independent Predictor Response Regression R2 p Variables (b) 
loge RamHT logeK Cubic- 0.29 =0.004 
loge RamLV WAT Cubic- 0.58 =<0.001 
MIN Cubic+ 
RED Quadratic-
PH Linear-
RamCA WAT Cubic- 0.60 =<0.001 
MIN Linear+ 
logeFLU Cubic+ 
PH Linear+ 
loge RamRE MIN Quadratic+ 0.30 =0.009 
logeFLU Quadratic-
loge RamTLA CON Linear+ 0.54 =<0.001 
logeFLU Cubic+ 
logeCL Quadratic+ 
loge RamDWR logeFLU Cubic- 0.31 =0.003 
Stem:Leafbiomass WAT Cubic- 0.53 =0.002 
ratio per Ramet MIN Cubic+ 
(DWS:DWL) logeFLU Cubic-
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Table 4.3.11 Summary of multiple regression models for the prediction of groundwater 
variables; see Table 4.3.13 for further explanation.. (a) specific models with several 
collective vegetation and dominant population trait predictors; (b) general minimal models 
with restricted collective vegetation predictor variables only. 
(a) 
Dependent Variable (y) Independent Response Regression R j p 
Predictor Variables 
(b) 
WAT 10geRamLV Cubic- 0.77 =<0.001 
RamCA Cubic+ 
10geRamRE Quadratic+ 
10geRamDWR Quadratic+ 
DWS:DWL Cubic+ 
MAX S Linear- 0.43 =0.018 
10geSTDE Quadratic+ 
10geRamLV Cubic+ 
DWS:DWL Cubic-
MIN S Cubic+ 0.79 =<0.001 
RamCA Cubic+ 
10geRamRE Quadratic+ 
DWS:DWL Cubic-
loge FLU NENE Quadratic- 0.63 =<0.001 
BT Cubic+ 
10geRamDWR Quadratic-
10geREPR Linear+ 
DWS:DWL Linear-
RED LogeRamRE Quadratic- 0.68 =<0.001 
DWS:DWL Quadratic-
S Quadratic+ 
PH LogeSTDI Lin ear- 0.62 
=<0.001 
logeB1 :82 Linear-
10geRamLV Linear-
RamCA Linear+ 
10geRamRE Quadratic+ 
10geREPR Linear+ 
LogeSTDI Quadratic- 0.43 =<0.001 10ge K 
10geRamTLA Quadratic-
DWS:DWL Linear+ 
LogeRamLV Cubic+ 0.40 
=0.010 
loge CON 
10geRamTLA Linear+ 
10&Bl:B2 Cubic+ 
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Table 4.3.11 (b) 
Dependent Variable (y) Independent Response Regression R2 p Predictor Variables 
(b) 
WAT logeSTDE Quadratic+ 0.34 =0.003 NENE Quadratic+ 
MAX S Linear- 0.23 =0.019 
logeSTDE Quadratic+ 
MIN S Cubic+ 0.55 =<0.001 
logeSTDE Quadratic+ 
BT Linear-
loge FLU NENE Quadratic- 0.44 =0.002 
BT Cubic+ 
logeREPR Linear+ 
RED S Cubic+ 0.31 =0.002 
PH logeSTDE Linear- 0.38 =<0.001 
NENE Linear-
leBl:B2 Linear-
loge K logeSTDI Linear+ 0.27 =0.001 
loge CL S Quadratic- 0.27 =0.007 
logeSTDI Linear+ 
loge CON logeCAHT Quadratic+ 0.34 =0.036 
logeB2 Quadratic+ 
logeBl :B2 Cubic+ 
loge N03 S Linear+ 0.31 =0.008 
NENE Quadratic-
logeREPR Linear+ 
loge S042- asinLiTT Quadratic+ 0.14 =0.048 
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Table 4.3.12 Multiple regression equations (specific and minimal models) predicting 
collective vegetation dependent variables for R2 > 0.50. 
S = -13.871 +0.01991(RED) +11.466(logeCL) +2.940(logeSTDE) -3.498(1ogeRamLV) 
+0.000 1887(RED2) -0.00000 128(RED3 ) -5.0 14(1ogeCe) +0.594(1ogeCL3) 
+0.816(1ogeRamLV2) -0.7381 (logeRamDWR) 
(F = 5.489; d.f = 10; R2 = 0.64; P = <0.001) 
(I) 
logeSTDE = 4.054 -O.0462(WAT) -O.03722(MIN) +0.997(1ogeFLU) +0.363(PH) -O.00126(WAT) 
+0.00 1489(MIN2) -0.241 (IogeFLU2) +0.639(1ogeN03) -O.405(1ogeN03 2) +0.080 18(1ogeN03 3) 
(F = 6.14; d.f. = 10; R2 = 0.67;p = <0.001) 
(2a) 
logeSTDE 3.352 -O.0278(WAT) +0.0003852(WAT) +0.469(PH) -l.072(logeFLU) 
0.282(1ogeFLU2) 
(F = 8.930; d.f = 5; R2 = 0.55;p = <0.001) 
(2b) 
Table 4.3.13 Multiple regressIOn equations predicting dominant population dependent 
variables for R2 > 0.50. 
logeRamLV 7.014 -O.0457(WAT) +0.009462(MIN) ---O.00493(RED) ---O.893(PH) 
+0.00003844(RED2) 
0.0000264(MIN3) 
+0.0005531 (WAr) +0.00006788(WA r) ---O.000153(MIN2) -
(F = 4.877; d.f = 9; R2 = 0.58; P = <0.001) 
(I) 
RamCA = -153.647 -4.105(WAT) + I. 823(MIN) +94.657(1ogeFLU) + 30.275(PH) +0.030(WA T) 
+0.003032(W A r) -71. 738(logeFLU2) + 14. 946(logeFLU3) 
(F = 5.329; d.f = 9; R2 = 0.60;p = <0.001) 
(2) 
logeRamTLA = 1.314 +4.064(logeFLU) -3.429(1ogeFLU2) +0.726(logeFLU3) +0. I 36(1ogcCON) 
+0.639(logeCL) -O.0395(logeCe) 
(F = 6.773; d.f = 6; R2 = 0.54; p = <0.001) 
(3) 
DWS:DWL = 2.5 -O.0116(WAT) +0.001598(WAT) ---o.0000927(W1r ) +0.02969(MI~) -
0.00 1 96(MIN2) ---0.00001 09(MIN3) -1.482(logeFLU) +0.38(logeFLU ) ---0.014 7(logeFLU ) 
(F = 3.931 d.f = 9; K = 0.53; P = 0.002) (4) 
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Table 4.3.14 Multiple regression equations (specific and minimal models) predictin
a 
groundwater variables from collective vegetation and dominant population variables for R: ~ 
0.50. 
WAT -20.838 -23.368(1ogeRamLV) +1.372(RamCA) +6.732(1o&RamRE) 
+6. 605 (lo&RamDWR) -11.491(lo&RamLV2) -D.0284(RamCA2) +0.001287(RamCA3) _ 
4.0(JogeRamRE2) -D. 849(logeRamDWR2) -D. 845 (I<>geRamLV3) -18.266(DWS:DWL) 
+ 19.305(DWS:DWL2) -5.1 06(DWS:DWL3) 
(F = 6.504 d.f = 13; R2 = 0.77;p = <0.001) 
(1) 
MIN = -33.154 + 5.344(S) + 1.531(RamCA) + 13.274(1ogeRamRE) -D.856(S2) +0.03442(S3) _ 
0.0295(RamCA2) +0.0001534(RamCA3) -6. 535(logeRamRE2) -1. 864(DWS:DWL) 
+9.391 (DWS:DWL2) -3.398(DWS:DWL3) 
(F = 10.08; d.f = 11; R2 = 0.79; p = <0.001) 
(2a) 
MIN = -567.438 +5.543(S) -1.031 (S2) +0.04672(S3) + I 22. 854(1ogeSTDE) -D.844(1ogeSTDE2) _ 
0.00979(BT) 
(F = 6.99; d.f = 6; R2 = 0.55;p = <0.001) 
(2b) 
JogeFLU = 0.160 -1. 753(NENE) +0.407(NENE2) +0.01581 (BT) -D.0000234(Br) 
+0.00000001025(BT) -D.924(1ogeRamDWR) +0. I 49(logeRamDWR2) +0.321 (\ogeREPR) _ 
0.283(DWS:DWL) 
(F = 5.95; d.f. = 9; R2 = 0.63;p = <0.001) 
(3) 
RED = -5.237 -1 25. 762(1ogeRamRE) +48.743(logeRamRE2) -107.299(DWS:DWL) 
+45.3 15(DWS:DWL2) + 24.323(S) -1.002(S2) 
(F = 12.48; d.f = 6; R2 = 0.68;p < 0.001) 
(4) 
PH = 5.866 -D.296(logeSTD1) -D. 1 I (JogeBl:B2) -D. I 72(\ogeRamLV) +0.004367(RamCA) 
+0.519(logeRamRE) -D. 153(logeRamRE2) +0.0747(logeREPR) 
(F = 7.57; d.f. = 7; R2 = 0.62; p = <0.00 I) 
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Figure 4.3.4 Rank scores of observed species number plotted aga inst va lues predicted from 
spec ific model (See Table 4.3. 12, equation 1). (a) all test data (r =0.08); (b) site with 
extreme redox va lues removed (stations El and 16-8) (r =0.19); (c) sites with extreme redo 
va lues, and Wood a/Cree sites removed (r =0.49). 
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Figure 4.3.5 Rank scores of observed (loge) stem density val ues (m-2) plotted against va lu es 
predicted from specific model (See Table 4.3.12, equation 2a). (a) al l test data (r =0.41): (b) 
sites with extreme N03- values removed (stations E3 , E5b and E6) (r =0.37); (c) lnsh marsh 
sites alone (r =0.16). 
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Figure 4.3.6 Rank scores of observed (loge)stem density va lues plotted against va lues 
predicted from General model (See Table 4.3.12, equation 2b). (a) all test data (r =0.44); (b) 
sites with extreme N03- values removed (stations E3 , E5 and E6) (r =0.48 ). 
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Figure 4.3.7 Rank scores of observed (Ioge)number of leaves per ramet of dominant 
population(s) plotted against values predicted from specific model (See Table 4.3.13 , 
equation 1). (a) all test data stations (r =0.10); (b) sites with extreme redox values removed 
(stations E 1, 16-8) (r =0.16); (c) 1nsh marsh sites alone (r =0.34). 
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Figure 4.3.8 Rank scores of observed canopy area (%) of dominant population(s) plotted 
against values predicted from specific model (See Table 4.3.13 , equation 2). (a) all test data 
(r =0); (b) 1nsh marsh sites alone (with 19 removed due to extreme low average water table 
levels) (r =0.10). 
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Figure 4.3.9 Rank scores of observed (loge)average total leaf area per ramet of dominant 
population(s) plotted against values predicted from specific model (See Table 4.3.13, 
equation 3). (a) all test data (r =-0.06); (b) Insh marsh sites alone (r =0.15 ). 
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Figure 4.3.10 Rank scores of observed stem dry weightleaf dry weight ratio (DWS:DWL) 
per ramet of dominant population(s) plotted against values predicted from specific model 
(See Table 4.3.13, equation 4). (a) all test data (r =-0.10); (b) Insh marsh sites alone (r =-
0.23). 
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Figure 4.3.11 Rank scores of observed average water level relative to ground surface level 
plotted against values predicted from specific model (See Table 4.3.14, equation 1). (a) all 
test data (r =0.72); (b) Insh marsh sites alone (r =0.37). 
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Figure 4.3.12 Rank scores of observed average mInImum water level relative to ground 
surface level plotted against values predicted from specific model (See Table 4.3.14, 
equation 2a); (a) all test data (r =0.65); (b) Insh marsh sites alone (r =0.43). 
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Figure 4.3.13 Rank scores of observed average minimum water level relative to ground 
surface level predicted from general model (See Table 4.3 .14, equation 2b); predicted from 
all test data (r =0.39). 
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Figure 4.3.14 Rank scores of observed average level of groundwater fluctuation plotted 
against values predicted from specific model (See Table 4.3.14, equation 3); (a) all test data 
(r =0.10); (b) Insh marsh sites alone (r =0.13). 
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Figure 4.3.15 Rank scores of observed redox potential (m V) plotted against values predicted 
from specific model (See Table 4.3 .14, equation 4); (a) all test data (r =0.44); (b) Insh marsh 
sites alone (r =0.40). 
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Figure 4.3.16 Rank scores of observed pH values plotted against values predicted from 
specific model (See Table 4.3.14, equation 5); (a) all test data (r =-0.56); (b) sites with 
extreme values for number of reproductive structures per ramet of dominant population(s) 
((Ioge)RamRE) removed (stations 13-9) (r =0.32). 
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4.3.3. Predicting relationships between wetland attribute fl''PeS and' I 
..1', enVlronmenta 
variables 
A total of eleven (mostly relatively specific) predictive models were produced which utilised 
a combination of hydrological and other environmental variables to predict the percentage 
presence of various attribute types amongst the wetland vegetation sampled during 1999 and 
2000 (Table 4.3.15). Although the predictive power of none of the models was greater than 
50%, the results were relatively promising. The predictive power of the models ranged from 
R2 =0.23 (p =0.046) for the prediction of the percentage of dispersules and germinules 
present as seeds (from three environmental variables), up to R2 =0.45 for both bryophyte 
cover (p <0.001), and percentage of species with lateral spread> 1 OOOmm (p =0.022). While 
five variables were used as predictors in the model for lateral spread, only two were involved 
in the prediction of bryophyte cover (conductivity: 10~CON, and bare ground: BARE). In 
addition, two variables which featured as predictors in a majority of the models, and which 
are easily measured in the field were redox potential of the substrate (RED), and minimum 
average water table level (MIN). 
A further six relatively specific models were generated which predicted characteristics of the 
groundwater and substrate environment, using the same range of attribute values present per 
sample as predictors (Table 4.3.16). The predictive power of these models ranged from R2 
=0.20 (p =0.004) for the prediction of groundwater conductivity (lo~CON), to R2 =0.59 (p 
<0.001) for the prediction of minimum water table level (MIN). While the first model 
contained only two predictor variables with negative linear relationships relative to 
increasing conductivity, the second was somewhat more complex, with a number of 
quadratic and cubic functions for the predictor variables (Table 4.3.17). 
In relation to an increasing minimum water table level (i.e. a more permanently inundated 
substrate, or presence of standing water), the amount of species with the potential to produce 
dispersules in the form of fruits appears to increase linearly, as does the amount of plants 
with the potential to form a taller (I-3m) canopy. The amount of polycarpic perennials 
present appears to decrease initially in relation to wetter conditions. while the opposite is true 
for species forming rosette-type canopies. Having a quadratic function within the equation. 
the amount of rosette forming species then appears to decrease as minimum water table rises 
(i.e. less drawdown). The influence of this apparent reduction in drawdown has a more 
complex (cubic) interaction with the degree of potential lateral spread present amongst the 
representative species. As species with a larger degree of potential later spread (> I OOOmm) 
initially increase relative to decreased levels of drawdown. those \\ ith a limited capacit~ to 
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spread laterally appear to decrease. The relationship between these two variables changes 
direction twice more relative to decreasing drawdown, and within the confines of the model. 
The amount of hemicryptophyte presence (plants with buds at ground level) also has a cubic 
function within the equation, with an initial decrease characterising wetter conditions. 
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Table 4.3.15 Summary .of mUltiple regres~ion models for the prediction of percentage 
attribute type representatIon per sample statton from measured groundwater variables; see 
Table 4.2.1 for descriptions of attribute types. 
*Indicates direction of initial linear phase of 
response 
% Dependent Attribute type Independent Response * Regression p per station (y) Predictor R2 
Variables (b) 
Polycarpic Perennial MIN Quadratic+ 0.28 =0.006 RED Cubic+ 
Hem icryptophyte logeFLU Linear+ 0.34 =0.006 MIN Cubic+ 
WAT Linear-
RED Quadratic+ 
Helophyte logeFLU Quadratic- 0.35 =0.009 MIN Quadratic-
WAT Quadratic+ 
RED Quadratic+ 
Rosette Canopy BRYO Linear+ 0.41 =<0.001 
MIN Quadratic+ 
logePH Quadratic+ 
Semi-rosette Canopy BARE Quadratic+ 0.24 =0.008 
logePH Quadratic-
Canopy Height I-3m. BRYO Linear- 0.37 =0.006 
logeCON Quadratic-
logeFLU Linear-
WAT Linear+ 
loge Lateral Spread I BRYO Quadratic+ 0.42 =<0.001 (limited) MIN Cubic+ 
logePH Linear-
loge Lateral Spread 5 BARE Quadratic- 0.45 =0.022 
(perennials> IOOOmm) MIN Cubic+ 
RED Cubic+ 
WAT Cubic+ 
logeFLU Cubic+ 
Dispersule/Germinule I BARE Cubic+ 0.34 =0.011 
(fruit, or part of) BRYO Quadratic-
logePH Quadratic+ 
MIN Linear + 
Dispersule/Germinule 2 logeCON Linear- 0 . .23 =0.046 
(seed) logePH Quadratic+ 
RED Cubic-
Bryophyte Cover logeCON Quadratic- 0.45 =<0.001 
BARE Cubic-
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Table 4.3.16 Summary of multiple regression models for the prediction of measured 
groundwater variables from percentage attribute type representation per sample station: see 
Table 4.3.20 for further explanation. (a) specific models with several attribute predictors: (b) 
general minimal models with restricted attribute predictor variables. 
(a) 
% Dependent Independent Predictor Response Regression p Groundwater Variable Variables (% per sample R2 
per station (y) station) (b) 
logeFLU Hem icryptophyte Linear+ 0.28 =0.028 Hydrophyte Cubic+ 
Leafy Canopy Cubic+ 
WAT Hem icryptophyte Linear- 0.37 =0.002 
Helophyte Linear+ 
Hydrophyte Linear+ 
Canopy Height I-3m Linear+ 
logeLateral Spread 5 Cubic+ 
(perennials> IOOOmm) 
MIN Polycarpic Perennial Quadratic- 0.59 =0.001 
Hem icryptophyte Cubic-
Rosette Canopy Quadratic+ 
Canopy Height I-3m Linear+ 
loge Lateral Spread I (limited) Cubic-
loge Lateral Spread 5 Cubic+ 
(perennials> 1000mm) 
Dispersule/Germinule I (fruit, Linear+ 
or part of) 
RED Polycarpic Perennial Cubic- 0.36 =0.001 
Hemicryptophyte Cubic+ 
logePH loge Lateral Spread I (limited) Quadratic- 0.31 =0.001 
Lateral Spread 2 (compact Quadratic-
perennial < IOOmm) 
logeCON BRYO Linear- 0.20 =0.004 
Dispersule/Germinule 2 (seed) Linear-
(b) 
% Dependent Independent Predictor Response Regression p 
Groundwater Variable Variables (% per sample R2 
per station (y) station) (b) 
WAT Helophyte Linear+ 0.28 <0.001 
MIN Helophyte Linear+ 0.32 =0.001 
loge Lateral Spread 5 Cubic+ 
(perennials> 1000mm) 
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Table 4.3.17 Multiple regression equations (specific model) predicting groundwater 
variables from percentage attribute type per sample station for R2 > 0.50. 
MIN = -15.785 -D.0706(LH6) -D.235(LF3) +0.183(CSl) -10.909(\ogeLS1) +5.703(\ogeLSS) 
+O.l13(DGl) +0.00002875(LH62) +0.002298(LF32) -D.00000615(LF33) -2.680(JogeLSS2) 
+0.002298(LSS3) +5.819(lo&LS12) -D.794 -D794(lo&LS13) -D.000474(CS1 2) +0.0576(CHS) 
(F = 3.655 d.f. = 15; R2 = 0.59;p = 0.001) 
( 1 ) 
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4.4. Discussion 
4.4.1. Defining environmental drivers of wetland vegetation composition 
Reinforcing the findings of Chapter 3, the wetlands sampled can be clearly defined in terms 
of a number of major environmental pressures on plant survival, forming gradients which 
drive wetland vegetation assemblage and structure. Along with this, there are clear 
variations in a number of traits which are common between species, and variations in 
collective state variables of the vegetation. As van der Valk (1981) and Gaudet and Keddy 
(1988) have previously shown, simple traits (i.e. the ability to germinate under flooded 
conditions, or the degree of rhizome production) can act as useful predictors of the 
underlying environment. The work undertaken here has shown that major gradients such as 
maximum level of inundation, level of water table fluctuation, and associated hydrosoil 
redox and pH status are major drivers of wetland vegetation composition, and that broad 
vegetation groupings along these gradients may be conveniently classified into community 
types. In addition, a number of collective state variables of the vegetation can also be used 
to differentiate between these same groupings (e.g. stem density, species richness, canopy 
height, and biomass values). Traits more specific to the dominant populations, which, by 
definition, are most successful in relation to the prevailing environment (e.g. canopy area, 
biomass values, reproductive capacity etc.) can also be seen to vary between equivalent 
community types. 
Variability in trophic status was clearly noted between pairs of both S27 Carex rostrata-
Potentilla palustris fens, and S 11 Carex vesicaria swamps. Wide trophic ranges have also 
been noted for these community types by Wheeler and Proctor (2000). In addition, the 
growth responses of species are seen to vary in relation to water level, and their specific 
water level requirements (e.g. Newbold and Mountford, 1997; Vretare et al., 2001). Relative 
herb height meanwhile, has been shown to be significant in predicting the competitive abilitj 
of a species (Keddy and Shipley, 1989), and in characterising hydrochemical parameters 
(Willby et al., 1997). In agreement with these findings, significant differences relating to 
canopy height were observed between equivalent community groupings, with a shorter 
canopy height related to lower nutritional status of the groundwater. 
Whilst the species comprising the various associations will inevitably change between sites. 
the variables mentioned above will generally always be present. Various trait-based 
measures (which may be used to indicate function: e.g. Vretare CI al .. :::001) have the 
potential to override the limitations of floristic approaches in a context of characterising and 
predicting vegetation-environment interactions: floristic approaches tl) predicting broad-scale 
188 
vegetation-environment interactions (in this case eco-hydrological . t t' 'fi 
' 10 erac IOns specI Icall:). 
are amplified as spatial scales increase due to variation in constl'tuent . (0 k h specIes uc wort et 
ai., 2000; Keddy, 1992a and b). Further evidence exists for the consistency of such 
methodologies at larger geographical scales (e.g. Hills et ai., 1994; Hills and Murphy, 1996: 
Ali et ai., 1999). 
4.4.2. Predicting eco-hydrological relationships In wetland vegetation, using field-
measured traits and attributes 
The methodologies adopted have been relatively successful in the context of predicting eco-
hydrological relationships within the wetlands sampled. The predictive power of the various 
models formally tested using an independent data set ranged from around R2 =0.5 to 0.78. 
which equates to around fifty to almost eighty percent of the variation in the dependent 
variable(s) being explained by the various equations. Therefore the fact that generally over 
half of the values predicted by the various models were close to their observed values (more 
for some of the models), indicates a relatively good level of accuracy. There is also evidence 
for a wider applicability of the outputs of the work to equivalent systems (i.e. predicted 
values were often good for data collected from entirely independent sites). 
In terms of specific predictions from the models produced, the results can be compared to the 
findings of other workers. Biomass appears to increase as disturbance, in the form of water 
table fluctuation, increases. Whilst this prediction appears to counter the findings of Wilson 
and Keddy (1986), which illustrated a predictive relationship between low levels of 
disturbance and increased biomass along a lake shore, this may be explained by considering 
the relative level of disturbance, which is likely to be lower (and less frequent) in most 
wetland systems than in vegetation fringing open water. In Chapter 5, Phalaris arundinacae 
is seen to be susceptible to treatments which could be approximated to conditions of stress 
within the field (e.g. summer drawdown, or rapidly fluctuating water levels). Other species 
with a strong competitive component to their strategies, such as Agrostis stolonifera. \\ hen 
found at the extremes of their ecological limits (e.g. level of water table tolerance) ha\e a 
reduced competitive ability, and are therefore less likely to suppress more stress tolerant 
species such as Deschampsia cespitosa. This is a species which can form large plants. \\ ith 
dense tossocks (Grime, 1988). 
The suggestion by Hills (1994) that relationships between biomass and other state variabk" 
remain largely untested has now been countered to a degree. In this study. various measure" 
of biomass did not prove to be good predictors of other state variables. nor other state 
variables particularly good predictors of biomass. However. various biomass measures (of 
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both collective units of vegetation, and dominant populations) were important for the 
construction of models predicting level of drawdown, level of water table fluctuation, pH. 
and electrical conductivity. In common with the findings of Murphy et ai. (2001), potassium 
content of the water was important in the prediction of total biomass values. Also in 
common with the findings of Willby et ai., (1998), redox potential of the substrate prowd to 
be a good indicator of species diversity, as did stem density. Murphy et al., (2001) also used 
redox potential as a predictor of diversity, but the predictive power of the model was 
relatively low. This suggests that the value of using substrate redox potential as a predictor 
of species diversity (and other variables) may be limited to wetland habitats with rooted 
vegetation, where substrate redox values have a direct influence on the plants present (the 
work described by Murphy et at. (2001) included assessments of floating vegetation in 
addition to rooted species in construction of the predictive models). However, it also 
appears that redox may be of most use in stable wetland systems where substrates are anoxic. 
Where drawdown occurred for a number of stations, resulting in more aerobic substrate 
conditions, redox values were not well predicted. 
Another factor confounding the ability to predict species richness may be the history of the 
sites. The Wood of Cree samples used as test data were relatively more species rich than 
those for all the other fen habitats sampled (including those from which data was collected 
for model construction), despite comparable substrate and groundwater conditions. A 
number of comparable systems (e.g. Endrick Marshes, Glen Moss, and Nether Whitlaw 
Moss) have been subject to activities including major landscaping, controlled winter 
flooding, and marl digging (see Chapter 2, section 2.1.2), all of which may have impacted 
upon diversity (due to lack of detailed records previous to these workings, and of limited 
peat deposits which might yield pollen evidence, this is a hypothesis which may remain 
untested). In addition, Wood of Cree fen is groundwater fed, but is also subject to periodic 
inundation from the main channel of the river Cree (Paul Collin, RSPB., pers. com. 1999). 
In cases where flooding is intermediate, nutrients and hydrophyte seed sources are 
maintained at favourable levels (Junk et al., 1989: Abernethy and Willby, 1999). In addition 
to their past management the other sites mentioned do not have a direct link to a source of 
such inputs, and this may help explain the lower diversity. Over-prediction of values for 
these samples may therefore have occurred as a result of the initial higher species richness 
within some of the samples. 
A number of intuitively likely eco-hydrological relationships have also been described. For 
example, stem density appears to initially increase in relation to increasing level of \\atcr 
table fluctuation, and then fall off again as fluctuations become more c:\treme. ,'\S discu,",scd 
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in Chapter 3, frequent fluctuations may allow mineralization of nl't t' d rogen 0 nItrates. an 
increase their availability in generally nutrient-poor wetland soils (Patrick and Mahapatra. 
1968). However, higher levels of fluctuation will cause a stressful environment (Grime et 
al., 1988), and therefore may preclude many species from establishment. Higher levels of 
fluctuation still may favour stress tolerators, and competition and stem density may be 
reduced as a result. 
-+.-+.2.1. Model criticism 
Predictions derived from models can only ever be as good as the underlying statistical and 
ecological components used to construct the fitted model (Nicholls, 1989). and as there is 
never a 'perfect' model, the 'best' model can never be known with certainty (Crawley. 
1993). The fact that biological systems are inherently noisy, means that general minimal 
models will often have' noisy limits' (Murphy and Hootsmans, 2001). 
Wetlands are dynamic systems, and are therefore no exception to this rule. This can 
confound the construction of models based upon data collected over one or two years only 
(in addition to factors of succession over time, which van der Valk ef al. (1994) consider to 
be major confounding factors). Within this study a number of stations at Insh Marshes were 
seen to be subject to a relatively large level of drawdown (for wetland vegetation) over a 
period of three seasons, from 1998 to 2000. Some of the models constructed appeared to be 
sensitive to this phenomenon, and although they included data from a number of such sites in 
their predictive equations, the models failed to predict values well for repeat sample data 
(from the following year) for these sites. Whilst criticism could be levelled at some of the 
models for this weakness, a prolonged drawdown in any wetland system would undoubtedly 
lead eventually to conversion of the vegetation away from a wetland community, and 
towards a more terrestrial community type. However, these same models. which could be 
regarded as relatively specific due to the use of several predictor variables, consistently 
predicted values well for samples from independent test data sites (e.g. for Endrick Marsh 
stations, which were sampled in the third year of the study only). In addition. a number of 
stations from lnsh Marshes remained relatively stable over the three years in terms of their 
average water table levels, and predicted values for these stations were also generally good. 
Grieve et al. (1995) identified areas of the marshes away from the main channel of the River 
Spey which were less reliant upon riverine input. and were largely maintained b~ 
groundwater (telluric) inputs. It therefore seems that a number of the models produced ma~ 
be better applied to freshwater wetland systems with major groundwater inputs. In thi~ 
instance, variables such as hydrosoil redox potential, which proved to act as a good predictor 
of variation in several state variables. would remain stable. While the models mav bt: 
(9( 
applicable to less stable riverine-influenced systems, this will undoubtedly be within 'noisy' 
limits. 
Where certain specIes are concerned, extreme morphological plasticity needs to be 
considered. Low correlations were seen between observed and predicted values for some 
models. Some, such as those predicting the number of leaves per ramet of dominant 
populations may be less accurate for a number of wetland grasses, for example, due to high 
plasticity (Spedding and Diekmahns, 1972). Cooling et al. (2001) present evidence of rapid 
plastic responses in the dicotyledonous running marshflower, Villarsia reniformis R.Rr. 
(Menyanthaceae), in relation to rising water levels. Plastic responses have also been noted in 
Phragmites australis specifically in relation to increasing water level (Vretare et al., 2001). 
However, the benefit of using an approach which measures variables such as leaf area. and 
leaf number etc., is that their values can be related to the environment and are a direct 
function of the environment, irrespective of degree of morphological plasticity. 
4.4.3. Use of attributes in modelling 
Willby et al. (2000) explained a large percentage of habitat utilisation by reference to 
hydrophyte attributes. However, the use of life-forms and attribute types appear limited in 
scope in the context of this study, which covers a relatively small geographical range. In 
addition, Raunkaier (1937) originally produced his classifications to delimit broad 
differences between vegetation types, and these were in turn linked to broad environmental 
categories, running from open water to terrestrial. Therefore, such an approach may have 
limited sensitivity in the scope of considering wetlands alone. In addition, in the initial 
consideration of choosing attributes for which information could be obtained. it may be that 
the most useful attributes were not selected. For example, an increase in the complement of 
species with a potential lateral spread of > 1 OOOmm does not necessarily mean they will 
spread that far, or the potential to produce a certain type of reproductive structure does not 
necessarily mean that any will be produced. As an example. Men.vanthes tr({ofiata has 
aquatic and terrestrial forms, and the latter form, which may be found in upland sites. tends 
to be far smaller and almost never produces flowers or reproductive structures (Hewett. 
1964 ). 
As a pilot study the approach may have some potential. For example. the presence l)f 
hemicryptophyes is informative if the species require certain v .. /ater table levels: a reduction 
in hemicryptophy1e presence may be useful to predict water k\el variation. Hnwever. thi" 
approach still requires the use of fieldwork. plus identification skills. and gl\ en the 
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predictive power of the models produced, is not preferred to the measurement of easih 
identifiable traits which are common across species. 
4.4.4. Applications andfuture directions 
A number of the eco-hydrological relationships described, and the predictions made bet\'. een 
various vegetation variables and hydrological and other environmental variables are 
interesting, but nonetheless intuitive. However, some of the relationships have the potential 
for development as 'monitoring tools' in eco-hydrology. 
Wheeler and Shaw (1995), consider that a clearer understanding of the relationships between 
wetland vegetation and hydrology is needed to aid the use of vegetation as a conservation 
and management tool. While Wassen and Grootjans (1996) consider ecohydrology as an 
application-driven discipline, Murphy and Hootsmans (2001) considers that the production 
of general minimal models is an important key to understanding freshwater ecology. To this 
end, predictive relationships have been formulated between average level of drawdown 
within a representative sample of northern British wetlands, and easily identifiable and 
measurable components of the vegetation. The predictions provided by the model are more 
reliable when applied to more stable groundwater fed wetland systems; however, these are 
perhaps some of the more vulnerable wetland types (see Section 1.1.4). Further testing of 
the models to refine them and test their applicability is probably desirable. However, the 
work described in this thesis goes some way to answering some of the long standing 
questions in wetland vegetation management. For example, much previous work stemmed 
from the desire to predict the effects of drawdown on wetland species (Newbold and 
Mountford, 1997). If relationships between water level drawdown and vegetation variables 
such as stem density and biomass per unit area can be broadly modelled for wetlands, then 
some progress has been made in the use of vegetation as a hydrological monitoring tool 
(Wheeler and Shaw, 1995), as has progress towards the identification of . useful' traits 
(Duckworth et ai., 2000). 
In conclusion, the use of simple traits measured within wetland vegetation can act as useful 
predictors of the interaction of vegetation and the major groundwater hydrological and 
hydrochemical gradients. As such, predictive relationships have been formulated bet\\ een 
factors of the vegetation, and the underlying environmental regime which agree with. and 
build upon previous studies. Conversely, a good deal can be said about certain 
characteristics of the hydrology from factors of the vegetation. 
193 
Such knowledge may facilitate the application of simple measurements from the wgetation 
as rapid assessment tools in the eco-hydrological management of wetland reserws. In 
association with initial scoping studies of major hydrological inputs and balances in wetlands 
(i.e. riverine or telluric), the use of a number of 'useful' trait measurements may be utilised 
as part of an informative and coherent assessment of potential water level change impacts 
upon wetland vegetation. In the same way, this approach can inform us of current 
hydrological regimes (e.g. how dynamic the water table is, average level of inundation etc.) 
The need to make such broad-scale predictions in wetland vegetation management is one 
which is undeniable, and essential. 
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Chapter 5: The response of selected wetland plant species to ground-water stress, and 
competitive interaction. 
5.1. Introduction 
There are a number of reasons why wetland managers may wish to understand the 
relationship between a single plant species and water level regime; for example, in order to: 
• 
• 
• 
protect and conserve a rare species whose response to potential water level change is not 
necessarily known (e.g. String sedge; Carex chordorrhiza L.fil.: Legg et ai., 1995a; 
Legg et ai., 1995b; also see Appendix 10). 
promote growth of a particular species which is regarded as 'desirable' to feeding and 
nesting waterfowl (e.g. Tickner and Evans, 1991). 
to reduce dominance of a single invasive species, and increase site specific diversity 
through active wetland water level management (e.g. Bhatia, 1999) 
Therefore, underlying the need for broad-scale forecasts of how perturbations of ecosystems, 
anthropogenic or otherwise, may affect community structure, is the need to gain an insight 
into individual species responses to environmental gradients. The concept of individual 
species response curves was formulated relatively early last century (Cain, 1938), but it was 
not until more recently that screening of individual species response was begun by Grime 
and co-workers (Grime, 1974). This work resulted in a volume of autecological accounts of 
a number of species of British higher plants (Grime et ai., 1988), and has recently been 
expanded upon (Hodgson et ai., 1999) to enable a trait-based prediction of strategies to be 
made for a number of British species. This increased understanding of individual species 
responses, along with more recent studies looking at specific water level requirements 
(Newbold and Mountford, 1997), may help provide the basis of a clearer understanding of 
the impact of natural or anthropogenic disturbances on more complex wetland vegetation 
assemblages. 
5.1.1. Water level requirements 
A number of descriptions of the effects of natural groundwater variation (e.g. Summer 
drawdown) on individual wetland plant species exist in the literature (Van der Valk. 1980: 
Rea and Ganf. 1994; Brown and Scott 1997; Hicks et ai., 1998;). Examples also exist for 
specific responses such as seed yield in relation to groundwater levels in agriculture (e. g. 
Hamdi et ai., 1992). or where lake water-level variation may control potentially invasive 
species (Poovey and Kay, 1998). More recently however. experimental studies have aimed 
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to address and quantify the influence that water level variation within such systems ma\ 
have on wetland species (Mountford and Chapman, 1993; Newbold and Mountford, 1997). 
From this work 'preference ranges' have been proposed for a number of wetland species 
(including plants), in addition to 'tolerance ranges' (i.e. the limits under which a species can 
survive, at least experimentally). 
For example, potential water level change threats to C. chordorrhiza. classified as 'rare' 
within the British Red Data Book for Vascular Plants (Perring and Farrell, 1983), lead to 
both field and pond-based experiments of the species response to water level change being 
carried out (Legg et al., 1995a). It was concluded that the species would not survive 
prolonged inundation, and that any prolonged drawdown leading to drier conditions would 
lead to retardation of growth: these conclusions being based on various trait measurements 
amongst others. It was also concluded that variations in inter-specific competitive 
interactions would need to be assessed in relation to water level changes. 
5.1.2. Plant response to water level variation 
Given the premise that plant species have 'preference ranges' in terms of groundwater 
regime, and that differentiation in growth parameters measured vary in relation to these 
regimes (section 5.1.1), the measurement of morphological traits in relation to such gradients 
is a practical and desirable tool for assessing plant response to factors of stress. 
Differences in the general morphology of plants from differing habitats, subject to varying 
environmental gradients, has long been recognised; a famous early example being the 'life 
forms' proposed by Raunkaier (1937). It is apparent though that within these broader 
categories, intra-specific variation occurs in relation to the overall spectrum of the 
underlying gradients. Within wetland vegetation, as resource allocation varies in relation to 
hydrological regime, so therefore will the overall measurable traits of a given species. In 
addition to the morphological differences observed by Legg et al. (1995a) for C. 
chordorrhiza in relation to relative water level. Rea and Ganf (1994) found that under 
experimental conditions, Baumea arthrophylla (Nees. Boeckler) was able to withstand short 
periods of relatively minor inundation (50cm) by allocating significantly more biomass to 
above ground parts than to rhizomes, and stilI maintain growth; a higher inundation level 
(lOOcm) however lead to critical root loss. Triglochin procerum R. Br. (Water Ribbons) on 
the other hand, maintained growth under similar conditions via a rapid turnover of spongy 
leaves; differing abilities to maintain growth under varying levels of inundation were partly 
attributed to differences in nutrient uptake strategies. Similar reductions in below-ground 
resource allocations have been observed in waterlogging-tolerant grasses (Rubio and 
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Lavado, 1999). While the life history classification of differing species are regarded as 
important factors for survival in wetlands (timing of important life cycle events around 
flooding), the degree of morphological plasticity, and associated metabolic adaptations are 
also important (Blom and Voesenek, 1996). Such adaptations may include aerenchyma 
production in roots, or the contrasting strategies of shoot growth cessation, or shoot 
elongation for example. Glyceria fluitans (L.) R. Br. (Flote-grass) has also been shown to 
suffer where hydrological restoration of degraded wetland meadows, in which the species 
often dominates, has been attempted; raised water tables facilitate the reduction of insoluble 
Fe(lII) oxides to Fe(II), causing iron toxicity (Lucassen et al., 2000). 
5.1.3. Competitive interactions within wetland vegetation 
The work of Newbold and Mountford (1997) represents possibly the first serious attempt at 
assessing how a wide range of wetland species respond to groundwater level regimes, and 
what changes in such regimes individual species may be able to tolerate. The work briefly 
considers 'competitive' interactions, which undoubtedly occur within mixed communities. 
Such interactions are viewed as an important component of vegetation zonation in wetlands, 
along with water regime (Holland et al., 1990; Risser, 1990), but are understandably difficult 
to assess for a wide range of species. 
Competition is defined by Keddy (1989 pp. 2) as: 
"the negative effects which one organism has upon another by consumzng, or 
controlling access to, a resource that is limited in availability" 
Similarly, Grime (1974) states that: 
"competition may be defined as the attempt by neighbouring plants to utilise the same 
units of light, water, mineral nutrients or space" 
These are but two definitions, and while Milne (1961) asserted that competition should have 
only one" ... clear, precise and unambiguous ... " meaning, within plant community ecology, 
the precise meaning of competition is still under debate (Thompson, 1987; Tilman, 1987: 
Thompson and Grime, 1988: see section, 1.3.4.1). Whatever the precise definition of 
competition, abiotic factors may be limiting in a stressed environment leading to 
competition between species; the emphasis is shifted in more moderate environments to 
competition between biotic factors (e.g. competition for space). Several authors hav~ 
described relationships within vegetation associated with various environmental gradients. 
For example, Wilson and Keddy (1986) found that competitive ability, based upon a measure 
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of relative yield of dry mass per plant, was significantly correlated with mean position on an 
exposure gradient: species found on sheltered, nutrient-rich shores around Axe Lake 
, 
Ontario, Canada, had higher competitive abilities than those found on exposed, nutrient-poor 
shores. This relationship was also observed by Day et ai. (1988) from studies across a 
number of Canadian marshland sites. Keddy et ai. (1994) also found evidence of 
characteristics linked to competitive traits (rhizomatous) associated with relatively fertile, 
high biomass shorelines. This was consistent with the findings of Gaudet and Keddy (1988) 
that larger species were better competitors. 
5.1.4. Background to experimental work on ground-water stress and competition 
The ability to detect intra-specific trait differentiation along various environmental gradients 
has been illustrated in the previous sub-sections of this chapter, and competitive interactions 
between wetland species have been briefly outlined. The concept of survival strategies 
within species (Grime et ai., 1988) is covered in Chapter 1. Traits measured in the field can 
be used to determine where a species may fit into Grime's strategy theory (Hodgson et ai., 
1999), and the use of such an approach provided a basis for the prediction of Plant 
Functional Groups (PFG' s) within European riverine wetland vegetation (Hills, 1994; Hills 
et ai., 1994; Hills and Murphy, 1996;). Conversely, it was considered that manipulations 
might also be applied to species of a known strategy within an experimental framework, to 
infer possible impacts of environmental change within the field. Three grass species, 
Agrostis stoioni/era L. (Creeping Bent), Deschampsia cespitosa (L.) Beauv. (Tufted Hair-
Grass), and Phaiaris arundinacea L. (Reed Canary-Grass) were chosen out of a pool of 
species observed in the field (Table 5.1.1), for experimentation; these species were selected 
due to availability, and ease of cultivation. The overall aim was to assess the relative impacts 
of inter-specific competition, and/or duration and magnitude of water level fluctuations, in 
terms of morphological variation within the test species. 
Agrostis stoioni/era 
This is a morphologically variable species which forms a relatively low canopy, but is fast 
growing and stoloniferous, and is found within a wide range of habitats. Associated floristic 
diversity is often low to intermediate (Grime et ai., 1988). It is common in the British Isles 
and is often regarded as a weed in cultivated land, being able to successfully invade swards 
of other species of sown grass (Spedding and Diekmahns, 1972), either via vegetative means 
(stolons) or within persistent seed banks (Grime et ai., 1988). Studies undertaken by 
Bradshaw and co-workers. (1964) have shown that the yield of A. stoioni/era is much higher 
than for other species of Agrostis (A. canina: A. tenuis) and other species of unimproved 
pasture, such as Festuca ovina (Sheep's fescue). The species was found to be more 
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comparable to Lolium perenne (Perennial rye-grass) in terms of its yield (up to 8170 
kg/ha/yr: Spedding and Diekmahns, 1972) along a fertility gradient, but while shoot root 
biomass ratio exhibited very marked variation along such a gradient in Agrostis, this 
phenomenon was not observed in Lolium. A. stoionifera has a pan-global distribution. 
having been introduced into Australia and South America (Hubbard, 1984). 
Deschampsia cespitosa 
This species is variable in terms of its size, and is often ubiquitous within wet grasslands, 
with associated floristic diversity ranging from intermediate to low. The species forms dense 
tussocks with often persistent leaf litter (Grime et ai., 1988), and the potential of the species 
for regenerative lateral growth is limited; daughter ramets have however been observed to 
form, through fragmentation of tussocks. Deschampsia has also been observed to form 
relatively persistent seed banks, and this appears to be its main mode of reproduction within 
areas of open ground (Grime et ai., 1988). Studies conducted by Roberts (1986) have shown 
seeds of Deschampsia to persist and emerge into the third year after sowing. While 
morphological variability is mainly expressed in terms of overall size, a good degree of 
physiological variability exists, leading to the species being found across a number of 
substrates and habitats. The species however is generally considered to be characteristic of 
habitats providing refugia from intense competition (i.e. direct stress such as seasonal 
flooding, which in turn reduces competition from other species) (Davy, 1980). Deschampsia 
has a global distribution within temperate and arctic regions. 
Phaiaris arundinacea 
This is the largest and most robust of the three species studied here. It is found along river 
banks, which it can help to protect from erosion, and also marshes and wet valley bottoms 
(Grime et al., 1988). While sometimes used as a source of herbage for grazing, Phaiaris can 
contain alkaloids which are harmful to sheep (Sculthorpe, 1967). The species can become 
invasive and dominate large areas via high levels of rhizome production (Hubbard, 1984); 
seed production also occurs, with water bodies acting as vectors for their distribution. Field 
observations in the Insh Marshes, Scotland, have associated the species with a groundwater 
hydrology characterised by summer inundation, and increased concentrations of K, CL NO)-
and sol- above that of the surrounding fen (Willby et ai., 1997). The ability of Phalaris to 
tolerate inundation has been investigated by Smirnoff and Crawford (1983), who observed a 
significant increase in root aerenchyma production for individuals grown under flooded 
conditions. Phalaris also has a global distribution. 
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It can be seen from Table 5.1.1 that each of the three species has a competitive component to 
its established phase strategy, but that only Phalaris is a true competitor. While Agrostis is 
intermediate between a competitor and ruderal in its classification, Deschampsia is more of a 
generalist, with elements of stress tolerance. The three species span a water level 
'preference' range of -40cm to +5cm. With this pre-existing knowledge of varying 
characteristics, experimental investigations of response to water level stress, and competitive 
interaction are of potential interest. 
Experiment I consisted of mixtures of A. stolonifera and D. cespitosa grown under various 
replacement series (de Wit, 1960) and fixed water level treatments. While Connoly (1983) 
gives an overview of various criticisms of the replacement series, he goes on to point out that 
no better alternative has yet been found to this approach in the experimental assessment of 
competitive interaction in plants. Experiments 2 and 3 consisted of individuals of both D. 
cespitosa and P. arundinacea grown under varying combinations of magnitude and duration 
of water level fluctuation. 
Table 5.1.1. Species screened for consideration in experimental assessment of effects of 
competitive interaction, and ground-water level manipulation experiments; C = competitor: S 
= stress tolerator; R = ruderal (disturbance tolerator). For further explanation see Chapter 1. 
- = no information available. 'water level preference' figures in parentheses indicate 
'tolerance range'. Source: tGrime et al. (1988); ttNewbold and Mountford (1997); positive 
values represent inundation. 
Species 
Agrostis stolonifera 
Carex aquatilis 
C. rostrata 
C. vesicaria 
Deschampsia cespitosa 
Equisetum fluviatile 
Eriophorum angustifolium 
Menyanthes trifoliata 
Molinia caerulea 
Phalaris arundinacea 
Phragmites australis 
Established Phase Strateg/ 
CR 
CSR-CS intermediate 
CR 
S 
CS 
C 
C 
Water Level depth Preference 
relative to surface (Cm) tt 
-10 to +5 
-40 to + 1 0 (-100 to +30) 
o to +30 (-15 to +60) 
-30 to 0 (-30 to +25) 
-20 to -10 (-50 to +5) 
+60 (-1 0 to + I 00) 
-30 to 0 (-50 to + 1 0) 
+ I 0 to +75 (-10 to + 100) 
-50 to -25 (-100 to 0) 
-40 to 0 (-60 to +30) 
-20 to 0 (-100 to -"-50) 
[n summary, this Chapter describes the use of an experimental approach to: 
• 
• 
Examine the response of two wetland grass species with differing established phase 
strategies to fixed groundwater stress and competitive interaction. 
Examine the response of two wetland grass species with differing established phase 
strategies to groundwater stress in the form of varying magnitude and duration of 
uroundwater level fluctuation. 
/::> 
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5.2. Methods and Materials 
5.2.1. The response o/two wetland grass species to ground-water stress and competitive 
interaction (Experiment 1) 
5.2.1.1. Experimental design 
Seeds of A. stolonifera and D. cespitosa were sown onto standard seed compost, and after 
germination were grown onto the 3-4 leaf stage. Seedlings were transplanted into 4 litre 
plastic tubs, into which a 3: 1: 1 ratio mix of general purpose potting compost, topsoil and 
horticultural grade grit-sand had been filled to a standard level; the plants were allowed to 
establish for one week. Planting regimes giving two levels of competition treatment were 
employed, and after the establishment period fixed water level treatments were imposed. 
Responses were measured in terms of final height, above and below-ground biomass, 
number of leaves and tillers per individual, average number of leaves per tiller, and SLA 
(specific leaf area; formerly defined by Evans (1972) (see Table 5.2.1.). Measures of 
variation in relative leaf thickness/leaf weight in relation to environmental controls include 
terrestrial (Evans and Hughes, 1961), and freshwater examples (Spence, 1972; Spence and 
Chrystal, 1970). 
Each experimental unit consisted of four individuals of D. cespitosa, four individuals of A. 
stolonifera, or two individuals of each species in a replacement series design (de Wit, 1960). 
Three replicates of each treatment unit were arranged in a completely randomised design. 
Fixed water level treatments were imposed via holes drilled in the sides of the plastic tanks, 
thereby allowing water to drain out of the respective tanks at three different set levels. The 
three set levels were 7cm below soil surface level (-7cm), at soil surface level (Ocm), or at 
7cm above surface level (7cm); these levels were intended to represent conditions of 
dryness, saturation and inundation of the soil environment respectively. For the duration of 
the experiment water levels were maintained by daily watering. 
The experiment was carried out in heated (23°C) glasshouses at the University of Glasgow 
for a period of 13 weeks, from 17-12-1999 to 21-03-2000. Measurements were taken at 0, 
24, 46, and 94 days, with the plants being harvested on day 94. For the duration of the 
experiment a sixteen-hour day regime was imposed, supplemented by 400- Watt sodium 
lamps. 
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5.2.1.2. Processing procedure 
Post-harvest, the above-ground part of each individual plant per treatment unit was separated 
from its roots. The leaves were separated from the stems for each of the excised individuals' , 
one of the lowest leaves still containing photosynthetic tissue, along with one of the post-
terminal leaves from a randomly selected tiller were kept aside for each individual. These 
two leaves were scanned using DESKSCAN software on a flat bed scanner, and the images 
were saved as monochrome tagged image format (*.TIF) files. The images were analysed 
using customised Delta-T -SCAN image analysis software in order to obtain the leaf area for 
the two sub-sample leaves. All leaves and stems were placed into a drying oven at 60°C for 7 
days, with the two scanned leaves per individual being separated from the rest of the leaves. 
Following drying, the stems, leaves and scanned leaves were then weighed separately; 
estimates of SLA (cm2/mg) per individual were then calculated on the basis of the weight of 
the scanned sub-sample leaves. The use of two leaves from the extremes of the plants was 
employed in an attempt to reduce any between-sample variation in SLA which may be 
linked to leaf age (Gunn et ai., 1999). Average biomass per individual was calculated for 
each treatment unit, with these values being based upon total species complement per 
treatment unit (i.e. an average of 2 individuals for those in a I: I species replacement ratio, 
and an average of four individuals for those in a single species unit). 
Roots were washed clean of any soil residues and were oven-dried at 60°C; these were left as 
a treatment unit total, as separation of individual plant roots was impractical. Following 
drying, roots were weighed to give a dry biomass value per treatment unit. 
A verage biomass values per treatment level were calculated for both the individual above-
ground components and the total below-ground components (root and rhizome complement) 
for each treatment factor at each replacement level. 
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Table 5.2.1. Morphological traits measured per individual plant for ground- t t d 
. .. . . wa er s ress an 
comp.etltlve m~eractl~n expenme.nt (Exp .. 1), and for ground-water stress: magnitude and 
duratIOn ~xpenments, for Phalarzs arundznacea (Exp. 2), and Deschampsia ces itosa (Ex 
3) respectively. p p. 
Trait Measured Trait Code Exp.! Exp.2 Exp.3 
Above-ground biomass (g) f A-B .( .( .( 
Plant height (cm) PH .( .( .( 
Number of leaves LN .( .( .( 
Total leaf biomass (g) LB nlat .( nlat 
Number of tillers TN .( .( .( 
Number of leaves per tiller LNT .( .( .( 
Specific leaf area (cm2/mg) SLA .( .( .( 
Specific root length (crn/mg) SRL .( .( 
Below-ground biomass (g) B-B .( .( 
Stem biomass (g) StB nla .( n/a 
Total biomass (g) TB .( .( 
Root length (cm) RL .( .( 
Above-ground root length (cm) A-RL nla .( n/a 
Rhizome length (cm) RhL .( .( 
Reproductive structure biomass (g) RB nla .( nla 
Average seed biomass (mg) SdB nla .( n/a 
.( = trait measured; - = trait not measured; nla = trait not present/measurable. 
tStems not discernible from leaf bases in non-flowering individuals: A-B used for comparative 
purposes between Exp. 2 and Exp. 3. 
5.2.2. Effects of ground-water stress on two wetland species with differing strategies: 
magnitude and duration offluctuation (Experiments 2 and 3) 
5.2.2.1. Experimental design 
Stock plants of Phalaris arundinacea (from an artificial wetland within the University of 
Glasgow glasshouse facility) whose basal stem diameter fell between 8-10mm were 
harvested at ground level. Dead and senescing leaves were removed, and the stems were 
trimmed to a length of approximately Scm, with one internode being left per stem section: all 
obvious buds were removed from the internodal joint. Stem sections were then planted out 
into 12 cm plastic plant pots with basal drainage holes, into which a compost mixture (see 
section 5.2.1.1) had been filled to a standard level. Stem sections were allowed to establish 
for one week, and the soil surface in each pot was covered with equal volumes of washed 
horticultural grade pea-gravel to avoid soil loss with subsequent flooding. Fixed, and 
fluctuating water levels, varying in both magnitude and duration were then imposed (See 
Table 5.2.2). Responses were measured as per section 5.2.1.1, with the addition of Specific 
Root Length (SRL: cm/mg) (see Table 5.2.1). Three replicates of each treatment unit were 
arranged in a completely randomised design. 
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In order to manipulate water table levels, the plant pots were placed into 32 litre plastic 
tanks, which had a series of holes drilled into the side at set levels relative to the substrate 
surface. Water levels were maintained, or manipulated by application, and/or removal of 
waterproof tape at either weekly or fortnightly intervals (See Table 5.2.2), thus allowing 
water to drain down, or to be topped up to the 'new' level. The relative water levels were 
maintained by regular watering. 
Tillers of Deschampsia cespitosa (L.) Beauv. collected from an area of wet grassland within 
the Insh Marshes reserve (see Chapter 2) were prepared in the same manner, and were 
subjected to the same treatments as for P. arundinacea. 
Both experiments were carried out in the University of Glasgow glasshouses for a period of 
8 weeks, with measurements taken at approximately weekly intervals. Treatments for P. 
arundinacea ran from 31-03-2000 to 28-05-2000, and those for D. cespitosa from 11-07-
2000 to 06-09-2000; plants were harvested on the 56th and 57th days respectively. Natural 
summer daylight was used with no supplementary lighting. 
5.2.2.2. Processing procedure 
Post-harvest, a number of morphological measurements were made for individuals of P. 
arundinacea and D. cespitosa (see Table 5.2.1). The individual plants were processed as per 
section 5.2.1.2. However, the roots of each individual could be treated separately, and 
therefore, three random root sections were also taken from each individual, and these were 
scanned and processed in addition. Digitally scanned sub-samples of roots and leaves were 
again kept separate during drying, and estimates of SLA and SRL derived. Average biomass 
values per treatment level were also calculated. 
5.2.3. Data analysis 
All data sets from the experiments were tested for normality using a Ryan-Joiner test in 
MINIT AB. 11. Where data were not distributed randomly within the residual plots, they were 
transformed accordingly. Data were normalised using a loge (X x 100 + 1) transformation 
(Sokal and Rohlf, 1981). 
Experiment 1 
A verage values for all traits per treatment unit were calculated separately for each of A. 
stolon((era and D. cespitosa grown in single species stands. and for the two species gnm n in 
replacement series. For each set of data per treatment level a balanced analysis of variance 
was carried out: for each of the two species in turn. with and \\ ithout competition factors. As 
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the experimental design was orthogonal Fischers LSD (Least Significant Difference) 
multiple comparison tests (Little and Jackson Hills, 1978) were applied where significant 
differences occurred between treatment level means (derived from the variance ratio statistic 
, 
F). In all cases, original rather than transformed data have been plotted to give an improved 
understanding of the results. Where LSD scores were calculated from these transformed 
data, these are shown on the plots (as back transformation is not possible). Significant 
differences between treatment means are indicated by graph notation, but as the graphs show 
untransformed data only, these differences may not always be visually apparent from the 
plots when they are derived from transformed values. The word 'significant' is only used 
where a statistical test has been applied to the treatment means. 
In order to assess the relative competitive interaction of either of the two species on the 
other, 'agressivity' scores were calculated for each of the two species, based on yield data 
from the reciprocal mixes (see below). Relative Yield (RYT) totals were also calculated, in 
order to assess any combined variation in biomass under different water level treatments. 
Both of these scores related to the above ground portion of the plants only, as roots could not 
be separated into respective species from the mixed treatment units (section 5.2.1.2); the 
relative scores were calculated as per Martin and Snaydon (1982): 
RYT = Yz(YijlYii + YjilYjj) 
Aggressivity = Yz(YijIYii - YjilYjj) 
Where Yij = yield per plant of species i grown in mixture with species}; Yji = yield per plant 
of species} grown in mixture with species i; Yii and Yj} = pure stand yields per plant of 
species i and} respectively. 
Experiments 2 and 3 
One way analyses of variance were carried out for all trait values between treatment levels 
for both P. arundinacea and D. cespitosa. Once again, treatments which resulted in 
significant variation between the treatment level means of the measured variables were 
determined by LSD multiple comparison tests; the same protocol applied as described for 
Experiment 1. 
205 
Table 5.2.2. Magnitude and duration of water level fluctuation treatments applied to 
Phalaris arundinacea and Deschampsia cespitosa (see section 5.2.2.1). 
Treatment Water Level(s) Relative To Duration Of Each Treatment 
Number Surface (em) Component (Weeks) 
1 -12 8 
2 -6 8 
3 0 8 
4 +6 8 
5 +12 8 
6 o and-6 l(x4) 
7 o and-6 2(x2) 
8 o and -12 l(x4) 
9 o and -12 2(x2) 
10 o and +6 l(x4) 
1 1 o and +6 2(x2) 
12 o and +12 l(x4) 
13 o and + 12 2(x2) 
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5.3. Results 
5.3.1. Ground-water stress and competitive interaction 
The results of the competition and ground-water level variation experiment show a number 
of significant relationships between these two factors, which apparently have differing 
impacts upon the two species under investigation. It can be seen from Table 5.3.1 that the 
above-ground biomass of Agrostis differs significantly in relation to water level relative to 
the surface (p<O.OO 1), but competition had no significant effect. The equivalent portion of 
biomass for Deschampsia varies significantly in relation to both water level variation 
(p<O.OO 1) and competitive interaction (p=O.006) with Agrostis; there is also a combined 
water level and competition effect (p=O.05) (Figure 5.3.1). For both Agrostis and 
Deschampsia, above-ground biomass is generally higher for the treatments with water levels 
at soil surface (Ocm). However, while Agrostis grown in a single species stand does not 
differ significantly from treatments at a higher water level treatment (+7), the biomass is 
significantly higher for individuals grown in replacement series with Deschampsia. The 
opposite of this situation is observed for Deschampsia (Figure 5.3.1), suggesting a possible 
competitive advantage of Agrostis>Deschampsia, at at least one water treatment level (Ocm). 
Further investigation of the interaction between the two species at various treatment levels 
reveals that in all cases, Agrostis produces a greater above-ground biomass than does 
Deschampsia (Figures 5.3.1; 5.3.2), both in single species stands, and in competition. 
However, the apparent dominance of Agrostis over Deschampsia is successively reduced as 
water level rises relative the surface. This is illustrated in Figure 5.3.2, where the theoretical 
crossover point at which both species would contribute evenly to the total stand (above-
ground) biomass is closest to being reached where water inundation is +7cm. While relative 
yield is maintained at a similar level between Ocm and + 7cm water level treatments (and 
reduced from a slightly higher level at -7cm) (Table 5.3.2), the dominance of Agrostis over 
Deschampsia, in terms of 'aggressivity', is greatly reduced at the highest level of inundation 
(Table 5.3.3). 
Inferences from competitive interaction and water level treatment effects on the root (belo\\-
ground) portions of each treatment are restricted to treatment level totals (Figure 5.3.7). as 
they were not sorted into separate species for the mixed treatment units. However. it can be 
seen that relative to water level treatment. biomass only differs significantly between single 
Deschampsia stands and both the mixed species and single Agrostis stands (p<O.OO 1 ). \\ ith a 
generally consistent decrease in biomass as water level increases. While no significant 
differences are apparent for the root biomass of Deschampsia across \\ater level treatments. 
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for Agrostis, the trend is of a significant decrease in relation to increased inundation. This 
situation is also true of the mixed treatments, suggesting a reduced dominance of Agrostis in 
relation to level of inundation. With significant differences between replacement series 
(p=O.014) and water level (Table 5.3.4), the findings are generally consistent with those for 
the above-ground biomass. 
Further significant trait-based variation can be seen in relation to factors of competition and 
relative water level. Once again, these factors are not equal across the two species 
investigated (Table 5.3.1). For Agrostis, all variation in measured traits is due to water level 
variation alone, with none attributable to competitive interactions. For Deschampsia, while 
most variation is attributable to relative water level, significant competition factors are also 
defined. It should be noted that a significant water level x competition interaction was 
identified for above-ground biomass alone (p=O.05). 
Plant height (Figure 5.3.3) is significantly lower where water level is below soil surface (-
7cm), than at the other two treatment levels for both Agrostis (p<O.002) and Deschampsia 
(p<O.OO I); at this same level, overall height in Deschampsia is further reduced with 
competition (p=O.024). A similar trend is seen for both the number of leaves (p<O.OO I) 
(Figure 5.3.4), and number of tillers (p<O.OOI) (Figure 5.3.5) in Agrostis (i.e. significantly 
less overall for the -7cm water level treatment). In Deschampsia however, while the same 
trend holds for number of leaves (p<O.OO I), competitive interactions only occur at the Ocm 
and +7cm water levels, with these plants in wetter conditions producing significantly less 
leaves where competitive interaction occurs (p=O.002). The production of tillers by 
Deschampsia appears less well defined in relation to relative water level (Table 5.3.1); the 
highest level of tiller production, although not significantly higher than all other treatment 
level means, appears to be at the highest quantity of inundation, in single species stands 
(p<O.04) (Figure 5.3.5b). 
No significant variation was observed in the overall production of leaves per tiller for 
Agrostis (Figure 5.3.6), while in Deschampsia, significantly more 'leafy' tillers were 
observed for individuals at the two higher levels of inundation (p<O.OO 1), than those at -
7cm. A further index, SLA, which was calculated from directly measured traits exhibited no 
significant variation between treatments for either species (Table 5.3.1) . 
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Table 5.3.1. Significant differences between plant attributes in relation to water level 
treatment relative to soil surface, competition between species, and water level*competition 
interaction shown by balanced analysis of variance; ns=not significant; *=P<O.05; **= 
P<O.O I; ***= P<O.OO l. 
A. stolon([era D. cespitosa 
Above-ground biomass (g) 
Water level *** *** 
Competition ns ** 
Water level*Competition ns * 
Plant height (cm) 
Water level ** *** 
Competition ns * 
Water level*Competition ns ns 
Number ofleaves 
Water level *** *** 
Competition ns * 
Water level*Competition ns ns 
Number of tillers 
Water level *** * 
Competition ns * 
Water level*Competition ns ns 
Number of leaves per tiller 
Water level ns *** 
Competition ns ns 
Water level*Competition ns ns 
Specific leaf area (cm2/mg) 
Water level ns ns 
Competition ns ns 
Water level*Competition ns ns 
Values for all variables natural log (loge) transformed. 
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Figure 5.3.1. Mean (±s.e.) above ground biomass for replacement experiments under three 
fixed water level regimes. (a) Agrostis grown in single species stands (A), and in I: I 
replacement series with Deschampsia (A+D); (b) Deschampsia grown in si ngle species 
stands (D), and in I: 1 replacement series with Agrostis (D+A). Same letters at head of graph 
represent no significant difference between group means (LSD=0.47 and 0.40 (Io~ 
transformed data), p<0.05 respectively). 
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Figure 5.3.2. Mean (±s.e.) above ground biomass per individual for replacement 
experiments under three fixed water level regimes; (a) water level -7cm relative to soil 
surface, (b) Ocm, (c) 7cm. Dashed line represents significant difference between replacement 
series means; Dc= Deschampsia,' As= Agrostis. (LSD=O.4 (10& transformed data), p<O.OS). 
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Table 5.3.2 Performance of mixtures of Agrostis and Deschampsia grown under different 
fixed water level regimes expressed as Relative Yield Total, for above-ground biomass (10& 
transformed values). 
Water Level Relative to 
Surface (cm) 
-7 
o 
7 
Relative Yield Total 
1.09 
0.82 
0.87 
Table 5.3.3 'Aggresivity' A. stolonifera relative to D. cespitosa, and vice versa, for the two 
species grown in mixtures, and under different fixed water level regimes; based on figures 
for above-ground biomass (Io~ transformed values). 
Water Level Relative to 
Surface (cm) 
-7 
o 
7 
'Aggressivity' of species relative to each other 
A. stolonifera 
0.32 
0.25 
0.02 
.212 
D. cespitosa 
-0.32 
-0.25 
-0.02 
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Figure 5.3.3. Mean (±s.e.) plant height for replacement experiments under three fixed water 
level regimes. (a) Agrostis grown in single species stands (A) , and in 1: I replacement series 
with Deschampsia (A +D); (b) Deschampsia grown in single species stands (D) , and in 1: I 
replacement series with Agrostis (D+A). Same letters at head of graph represent no 
significant difference between group means (LSD=0.41 and 0.27 (lo~ transformed data), 
p<0.05 respectively). 
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Figure 5.3.4. Mean (±s.e.) number of leaves per plant for replacement experiments under 
three fi xed water level regimes. (a) Agrostis grown in single species stands (A) , and in 1: I 
replacement series with Deschampsia (A+D); (b) Deschampsia grown in si ngle species 
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Figure 5.3.5. Mean (±s.e.) number of tillers per plant for replacement experiments under 
three fixed water level regimes. (a) Agrostis grown in single species stands (A) , and in 1: 1 
replacement series with Deschampsia (A+D) ; (b) Deschampsia grown in single species 
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Figure 5.3.6. Mean (±s.e.) number of leaves per tiller for replacement experiments under 
three fixed water level regimes. (a) Agrostis grown in single species stands (A), and in I: I 
replacement series with Deschampsia (A+D); (b) Deschampsia grown in single species 
stands (D), and in 1: 1 replacement series with Agrostis (D+A). Same letters at head of graph 
represent no significant difference between group means (LSD= not significant and 0.42 
(loge transformed data), p<0.05 respectively). 
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Table 5.3.4. Results of balanced analysis of variance for average total t b' 
. . roo lomass per 
treatment Untt (Expenment 1). 
Source of variation d.f. 5.5. m.s. f p 
Replacement series 2 0.58 0.29 5.46 =0.014 
Water level 2 3.63 1.82 34.38 <0.001 
Replacement series* Water level 4 0.54 0.13 2.55 ns 
Error 18 0.95 0.05 
Total 26 5.70 
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Figure 5.3.7. Mean (±s.e.) root biomass per treatment for replacement experiments under 
three fixed water level regimes (Replacement series: 4D= 4 Deschampsia; 4A= 4 Agrostis; 
2D:2A= 2 each of Deschampsia and Agrostis). Same letters at head of graph represent no 
significant difference between group means (LSD=O.39 (loge transformed data), p<O.05) 
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5.3.2. Ground-water stress: magnitude and duration offluctuation 
From a range of variables measured (Table 5.2.1), those found to vary significantly in 
relation to water table fluctuation were above-ground biomass (p=0.0 I ). total plant biomass 
(p=0.022), stem biomass (p=0.014), above-soil root length (p<0.001). and rhizome length 
(p=0.043) for Phalaris, and root length alone (p=0.011) for Deschampsia (Table 5.3.5). 
Similar trends were observed in the response to treatments imposed on Phalaris in terms of 
total above-ground biomass (Figure 5.3.8), total whole plant biomass (Figure 5.3.9), and 
stem biomass (Figure 5.3.10). The lowest biomass production was amongst treatments 
involving: 
• those whose water levels were at a fixed low inundation (-12cm and -6cm: treatments 1 
and 2). 
• those whose water table fluctuated between the surface (Ocm) and -12cm on a 
fortnightly basis (treatment 9). 
• those, which were subject to periods of inundation (+6cm and + 12cm), interspersed with 
periods at the surface over shorter (weekly) periods (treatments 10 and 12). 
High biomass production was seen amongst treatments involving: 
• fixed water levels above and including the water table at the surface (0-+ 12cm: 
treatments 3. 4 and 5). 
• those whose water table fluctuated between surface (Ocm) and -6cm on a fortnightly 
basis (treatment 7). 
• those, which were subject to periods of inundation (+6cm and + 12cm), interspersed with 
periods at soil surface over extended (fortnightly) periods (treatments II and 13). 
Non-significant differences between root biomass, leaf number, or leaf biomass means 
between treatments (Table 5.3.5) would suggest that most of the overall variation in biomass 
was apportionable to variation within the stem of Phalaris. 
Rhizome production varied significantly between treatment level (Figure 5.3.12), with the 
lowest production being under conditions of fluctuation between soil level and + 12(m el\ er a 
fortnightly cycle. Various other levels of higher and lower rhizome production corresponded 
roughly to the treatment levels which produced higher and Ilm er biomass levels 
respectively: exceptions however, were treatments 10 and 13 (flu(tuation bet\\ cen suil level. 
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and either +6cm or + 12cm over a fortnightly cycle), which resulted in a relatively high level 
of rhizome production. The significance of these variations however, was not as marked as 
for biomass. 
Production of roots above soil surface level was seen in fixed level treatments, only under 
the two highest levels of inundation, with the highest level of production being under an 
inundation level of + 12cm; this treatment mean being significantly higher than all others 
(Figure 5.3.11). In relation to fluctuating water tables, above-soil root production was 
mainly seen under treatments where fluctuations rose above soil level; with the exception of 
treatment 9, which had a drawdown to -12cm over a fortnightly cycle. 
The only measured trait found to differ significantly between treatments in Deschampsia was 
overall root length (Figure 5.3.13). Longer roots were produced where water tables were at a 
fixed level below the soil, or where a degree of drawdown below soil level constituted a part 
of the fluctuation cycle. 
Raw data for all experiments can be found in Appendix 9. 
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Table 5.3.5. Significant differences between measured traits in relation to water level treatment relative to soil surface for (a) Phalaris arundinacea and 
(b) Deschampsia cespitosa; ns=non significant; *=p<O.05; ***=p<O.OOI; - = information not available. For definitions of codes see Table 5.2.1 
(a) 
A_Bt B~Bt - TB ·-PH+ - LNt ~Bt TNt LNT StB RL A_RLt RhL RB SdB SLA SRL 
* ns * ns ns ns ns ns * ns *** * ns ns ns ns 
(b)tt 
A_Br B~Bt-- rn --~·-LN -----r:~- TNt LNT StB RL A-RL RhL RB SdB SLA SRL f 
ns ns ns ns ns ns ns * ns ns ns 
t loge transformed values; tt treatment units -6cm fixed, and -6/1 week removed from analysis 
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Figure 5.3.8 Mean (±s.e.) total above-ground biomass for Phalaris under differing water 
level treatments (Experiment 2). See Table 5.2.2 for treatment levels. Same letters at head of 
graph represent no significant difference between group means (LSD=O.51 (loge transformed 
data), p<O.05). 
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Figure 5.3.9 Mean (±s.e.) total plant biomass Phalaris under differing water level treatments 
(Experiment 2). See Table 5.2.2 for treatment levels. Same letters at head of graph represent 
no significant difference between group means (LSD=3.16, p<O.05 ). 
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Figure 5.3.10 Mean (±s.e.) stem biomass per plant for Phalaris under differing water level 
treatments (Experiment 2). See Table 5.2.2 for treatment levels. Same letters at head of 
graph represent no significant difference between group means (LSD=1.68, p<O.05 ). 
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Figure 5.3.11 Mean (±s.e.) above-soil root length for Phalaris under differing water level 
treatments (Experiment 2). See Table 5.2.2 for treatment levels. Same letters at head of 
graph represent no significant difference between group means (LS D= 1.54 (Io~ transformed 
data), p<O.05). 
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Figure 5.3.12 Mean (±s.e.) rhizome length for Phalaris under differing water level 
treatments (Experiment 2). See Table 5.2.2 for treatment levels. Same letters at head of 
graph represent no significant difference between group means (LSD= 14.72, p<O.05). 
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Figure 5.3.13 Mean (±s.e.) root length for Deschampsia under differing water level 
treatments (Experiment 3). See Table 5.2.2 for treatment levels. Same letters at head of 
graph represent no significant difference between group means (LSD=O.38 (101} transformed 
data), p<O.05). 
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5.4. Discussion 
5.4.1. Variation in species traits in relation to factors of stress 
Spedding and Diekmahns (1972) state that grasses exhibit properties of extreme plasticity. 
and a very varied range of responses in size and form in relation to their environment. The 
results of the experiments detailed within section 5.3 have shown this to be the case amongst 
the three species of wetland inhabiting grasses investigated (Agrostis stolon (fera. 
Deschampsia cespitosa and Phalaris arundinacea), under experimental conditions. This 
response is represented within a number of measurable traits of the species in question. 
which exhibited significant levels of variation between a number of treatments relating to 
factors of both water table regime, and competition. 
Traits have been shown to act successfully as indicators of plant strategies (Grime, 197.:1-: 
Grime et al., 1988). Specifically, for the three species under investigation, these traits have 
been shown to vary in relation to one parameter for which they have known tolerance ranges, 
namely water table depth (Newbold and Mountford, 1997). In addition, factors of 
competition have been shown to contribute to variation in measurable traits, and both are 
known to contribute to zonation in wetlands (Hodgson et al., 1999). 
5.4.2. The relationship between ground-water stress and competitive interaction 
Within the conditions of the experiments undertaken, Agrostis appears to be a superior 
competitor to Deschampsia, consistently producing significantly higher quantities of above 
ground biomass, and contributing more to the root biomass of mixed stands. The response of 
Deschampsia to competition from Agrostis, in the form of reduced biomass and reduced 
production of leaves is consistent with the species having a less extreme competitive 
component within its strategy (Grime et aI., 1988). The results also appear to show however. 
that the competitive advantage of Agrostis is reduced as level of inundation increases. While 
the maximum level of inundation which Deschampsia has been shown to tolerate is no 
higher than that for Agrostis (Newbold and Mountford, 1997), the finding is consistent with 
Deschampsia generally being associated with habitats where factors of stress reduce the 
competitive advantage of other species (Davy, 1980). Thereby, acquisition of nutrients from 
soil, for example, may be reduced in Agrostis under increased levels of inundation. \\ hill? 
Deschampsia gains advantage in this instance by its greater stress tolerant capacit~ . 
The findings here reflect field observations. where Deschampsia is often Ubiquitous within 
infertile wet grasslands, and help demonstrate the mechanisms involved in the phenome~on 
of zonation in wetland vegetation. Deschampsia is able to reach high abundance under 
conditions which are limiting to a competitive species such as Agrostis. In addition. biomass 
is significantly reduced in Agrostis where inundation increases from soil surface level to a 
flooded level, and specifically, where competition is a factor. While a slight decrease is 
observed in mean biomass for single species stands of Deschampsia under equivalent 
conditions, it is not significant. Tillering also decreased significantly in Agrostis, following 
the same pattern (decreased tillering has also been noted by Spedding and Diekmahns 
(1972), under situations where competition for resources is greater). In the case of 
Deschampsia, tillering is increased by factors of both water level, and of competition at the 
two higher levels of inundation, suggesting once again a reduced advantage of Agrostis 
under situations where the environment is more stressful. These high levels of variation in 
traits within Agrostis relate well to the observations of Spedding and Diekmahns (1972), 
whereby the relative shoot:root biomass allocation is very variable along fertility gradients. 
5.4.3. The influence of duration and magnitude of ground-water fluctuation 
The results of the groundwater manipulation experiments carried out on individuals of D. 
cespitosa and Phalaris arundinacea further represent the variation of traits within species in 
relation to environment, and also how the relative plasticity of these traits varies between 
species with different established phase strategies. 
Deschampsia showed little variation in relation to treatment. Roots of greater overall length 
were produced in relation to situations where the water was below ground level; this was the 
only measured factor which differed significantly between treatments. While this situation 
may not appear immediately consistent with the findings of experiment 1, it should be noted 
that the factor of competition was absent in the water level manipulation experiment, 
whereas intra-specific competition was a factor for the first experiment, within the single 
species treatment units. In established plants of Deschampsia, the dense nature of the 
tussocks has been linked to factors of self-shading (Davy, 1980), and is a factor which 
should be considered where plants reaching 50cm in height are growing in close proximity to 
one another (Figure 5.3.3). 
Phalaris shows a much wider range of morphological variation in relation to the various 
treatments applied. Many of the potential inferences from the results of the effect of water 
level manipulation upon Phalaris, are consistent with the expected responses of a species 
with a strong competitive component to its strategy. Wilson and Keddy (1986) found larger, 
more competitive species in sheltered, fertile positions along such gradients. From the 
results, overall biomass accumulation can be related to treatments which were fixed at 
surface. or above surface situations, or where levels fluctuated between the surface and 
inundation; namely, those treatments which pose the lowest levels of stress to a competitive 
species, which is adapted to inundation during its growing period. This adaptability is 
strongly associated to the ability to produce aerenchyma relatively rapidly (Smirnoff and 
Crawford, 1983). Conversely, treatments resulting in lowest biomass could be likened to 
conditions which simulated stress for such a species; i.e. drought, and consistent fluctuation 
cycles of water level variation over short time-scales (e.g. weekly). 
Inferences can also be made from the results about the potential lateral spread and 
establishment via rhizome production. As with biomass, rhizome production was greatest 
under conditions of lowest stress in relation to the overall tolerance range of Phalaris (fixed, 
inundated levels, and fluctuation of water levels over longer time periods; i.e. fortnightly). 
Therefore under equivalent low stress situations within the field, it may be that Phalaris 
comes to dominates large areas via rhizome production; some form of control may therefore 
be afforded by greater variation within groundwater levels. The production of above-soil 
roots is less clear in relation to treatment level, but appears to be higher under conditions 
which are subject to inundation, with the highest production being under the highest fixed 
level of inundation. 
5.4.4. General comments on stress and competition treatments, and potential 
applications. 
In section 5.1.3 it was commented that single species experiments cannot take full account of 
competitive interactions within mixed communities (or indeed, within single species swards) 
in the field. Such experiments have the potential to indicate the likely results of changes in 
water table levels within wetlands. In conjunction with field observations, where a wider 
range of variables co-differ, such experiments can be highly informative. From these results 
alone, different modes of response can be seen within species with contrasting strategies, in 
terms of morphological response. For example, Phalaris was more susceptible to treatments 
which could be approximated to conditions of stress within the field (e.g. summer 
drawdown, or rapidly fluctuating water levels). In addition, species with a highly 
competitive component to their strategy, such as Agrostis stolonifera, when found at the 
extremes of their ecological limits (in this case, in terms of water table tolerance) have a 
reduced competitive ability, and are therefore less likely to supress more stress tolerant 
species such as Deschampsia. 
The potential exists to predict specific strategies from traits measured within the field 
(Hodgson et al., 1999). Even where the exact identity of a species is not necessarily knO\\ n. 
the potential impacts of water level variation upon the survival of this species could still be 
226 
predicted using such an approach. While the studies outlined here apply to species from 
temperate environments, which have similar climatic and environmental controls acting upon 
them, the approach is likely to have wider applicability. 
With specific reference to potentially invasive species such as Phaiaris, any information 
which can be used to counter unwanted spread, or to reduce its extent witin a given wetland 
is desirable; especially where the hydrological inputs of many wetlands are actively managed 
(as with the examp les outlined in section 5.1). 
5.4.5. Possible future directions 
A short term study such as this can provide useful information in terms of trait differentiation 
in relation to (i) plant strategy, (ii) underlying environmental gradients, (iii) possible inter-
specific and intra-specific interactions within wetland vegetation. A number of logical 
extensions to such an approach include: 
• long term, non-destructive monitoring of similar experiments, involving a wider range of 
wetland species, with contrasting strategies. 
• field observations of localised areas of wetland vegetation, which can be continually 
monitored, and whose groundwater regime can be manipulated; from which, any 
variation within the traits of individual species could be directly compared to 
surrounding, untreated reference stations, and for which competitive interaction can also 
be taken into account. 
In conclusion, the study of traits within vegetation can help inform how specIes with 
differing strategies respond to relative treatments. From this basis, it may be possible to 
infer how comparable water level regimes may influence such species within the field, and 
therefore, aid prediction of the impact of potential water level change upon wetland 
vegetation. In terms of either conserving rare species, or of managing invasive species, such 
an understanding is critical. 
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Chapter 6: General discussion 
6.1. Review of the project 
This final chapter brings together the work from previous chapters and reviews and discusses 
the outputs as components of a coherent piece of applied research. The results of the work 
are also discussed in the wider context of understanding eco-hydrological relationships in 
wetland vegetation, and in their potential application to the management of these habitats. 
6.1.1. Summary of the aims and objectives 
Wetlands provide a wide range of valuable functions including biodiversity support, flood 
control, and groundwater amelioration, but threats still exist from a number of sources, 
including urbanisation, dam construction, and groundwater abstraction for agriculture. 
These are practices which inevitably affect localised hydrology and water table levels within 
wetlands (see Chapter 1 for a full review). Therefore, there is still an overwhelming need to 
be able to predict the impacts of such changes on wetland vegetation (Keddy, 1992a and b; 
Gowing et al., 1998). 
The main aim of this project was to determine the main environmental pressures underlying 
diversity, vegetation structure, and functional characteristics of the dominant plant 
populations in different assemblages within a number of representative freshwater wetland 
systems across northern Britain. For this purpose, a number of fen, swamp and mire habitats 
were identified, and characteristics of the vegetation and groundwater and substrate 
environment were sampled. This allowed elucidation of eco-hydrological interactions within 
a defined range of wetland types, and in conjunction with experimental work, permitted 
identification of traits within the vegetation with the potential to act as predictors of 
hydrological variation. It also allowed the prediction of what changes, if any, might occur in 
the vegetation as a result of altered hydrological regimes. Such work was considered 
important in strengthening the production of broad-scale management tools for these 
important habitat types. The chapters presented in this thesis each cover different aspects of 
an applied study of a number freshwater wetland vegetation types. 
6.1.2. Review of main findings 
A general overview of the study sites sampled during 1998-2000 was provided in Chapter 2. 
The plant species recorded at each site, along with the values for hydrological and substrate 
environmental variable ranges measured, were listed. From the initial investigation of the 
data it was considered that the sites studied represented a good range of fen. swamp. and 
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associated mire habitats from the target biogeographic area (northern Britain). This provided 
a good case for the use of the data to characterise, and predict eco-hydrological relationships 
in wetland vegetation, as presented in subsequent chapters. 
In Chapter 3 the study sites used during 1998-2000 were characterised in terms of plant 
community composition and underlying groundwater characteristics. This approach used a 
combination of phytosociological and physiognomic assessments of the vegetation. 
Multivariate analyses allowed characterisation of consistent groupings which could be 
defined as particular community types (Rodwell, 1991 et seq.). In certain cases differences 
could also be highlighted between groupings given the same community classifications, in 
terms of their relative trophic status, and in terms of collective vegetation variables (e.g. 
canopy height). In agreement with Duckworth et ai. (2000) it was concluded that along with 
more traditional phytosociological classifications, the use of vegetation traits could serve as 
useful indicators of environment-vegetation relationships. Once again, this was a good basis 
from which to approach the subsequent sections of the thesis. 
The main environmental gradients driving wetland vegetation composition were determined 
in Chapter 4 using constrained ordination. Significant variables included maximum levels of 
inundation, and the pH and redox potential of the substrates. Different samples were also 
characterised and differentiated in terms of the predominant vegetation characteristics 
present. A number of multiple regression models were developed which successfully 
highlighted eco-hydrological relationships between the groundwater environment and 
variation in collective vegetation variables and dominant popUlation traits. The same 
approach was extended to the use of attributes gleaned from literature searches, following 
the construction of an attribute by sample matrix. This approach represented a pilot study 
which has the potential to be developed further. 
Trait measures successfully acted as predictors of the interaction of vegetation and the major 
groundwater hydrological and hydrochemical gradients. As such, predictive relationships 
were described between factors of the vegetation, and the underlying environmental regime. 
A number of the findings complemented and built upon previous studies (e.g. Ross et af., 
1998; Willby et ai., 1997; Willby et ai., 1998). In addition, aspects of the groundwater 
environment important in the functioning of wetlands were shown to be predictable from the 
variables measured within the vegetation. 
Chapter 5 took an experimental approach to monitoring the growth responses of three 
wetland species to water level variation and competition. Grime's strategy theory (Grime, 
1979) has previously provided a basis for the successful prediction of Plant Functional 
Groups (PFG's) within European riverine wetland vegetation (Hills, 1994; Hills et al., 1994; 
Hills and Murphy, 1996). Therefore various water level variation and competition 
treatments were applied to native species with known strategies Agrostis stolonifera L., 
Deschampsia caespitosa (L.) Beauv., and Phalaris arundinacea L.. The results provided 
information relating to the contrasting growth responses of these different species, which 
may help inform potential impacts of water level change when considered in conjunction 
with field observations. This is important for effective and sensitive wetland management. 
6.1.3. Criticisms of the work 
Many of the aspects of the work undertaken can be criticised. While a good deal of these 
relate to the time limitations imposed by a three-year research period, they should still be 
mentioned, and their importance assessed. Main criticisms might relate to (i) aspects of the 
field sampling; (ii) the selection of traits measured; (iii) length offield study period: 
(i) Aspects of field sampling: One concern might be that only above-ground samples 
were taken, and that resource ratios between above and below-ground parts of 
relative species, or general morphology might vary in certain populations as a result 
of varying hydrological or fertility gradients (Spedding and Diekmahns, 1972; 
Koncalova, 1990). However, the successful removal of entire (or even a majority 
of) root systems in the field was virtually impossible. The lack of root data means 
we might have less information relating to the variability of a community, or 
population, in relation to its environment. It does not represent a flaw in the data 
however, as meaningful predictions were still made from the data which could be 
collected. 
In addition, the experimental work undertaken in Chapter 5 has provided some 
information as to root:shoot allocations in relation to groundwater variation (for 
example, root length was one of the few variables shown to be significantly reduced 
in Deschampsia cespitosa where water inundated the substrate continuously, or 
where levels of inundation were deeper, and lasted for longer periods. However. any 
such short-term glasshouse experiments require care in extrapolating to the field, and 
the pros and cons of these experiments (i.e. the absence of multiple biotic and abiotic 
interactions) in relation to informing field observations are discussed in Chapter 5. 
(ii) The selection of traits measured. All of the traits measured were simple 
morphological measurements which related to the size or biomass of constituent 
parts of the vegetation. Keddy (1992) considered that such traits represent only a 
"very small window into the rich landscape of traits". Indeed traits relating 
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biochemical and physiological processes may enable the clarification of certain 
functions within species (Willby et ai., 2000). However, such work would 
undoubtedly require intensive and large-scale screening of a large number of 
species. For this reason Willby et ai. (2000) produced an attribute classification of 
habitat utilisation in northern European hydrophytes, rather than attempting to define 
any specific functions. 
In addition, the aim of this work was not to produce a definitive functional 
classification (for the reasons outlined above), but rather to produce a useable 
methodology for predicting broad-scale changes in wetland vegetation in relation to 
hydrological variation. The value of the results speak for themselves in this context. 
(iii) Length of fieid study period. This is an issue raised in Chapter 3, but deserves 
reiteration here. van der Valk et ai. (1994) consider long term processes such as 
succession to be one of the main factors which can confound studies of the impacts 
of disturbance upon the composition and structure of vegetation. Meanwhile, de 
Mars et ai. (1997) consider that long term monitoring of wetlands is important to 
capture extreme flooding or drawdown events, which are important in influencing 
and maintaining species composition. This weakness is highlighted in the limited 
applicability of the predictive models produced to a number of stations at Insh 
Marshes, which were subject to sustained levels of increased drawdown over the 
three year study period (however, the models have good potential to be successfully 
applied to systems with less severe drawdown in their groundwater regimes). 
However, this is not a problem which can be overcome in the confines of a three-
year research period, and not one for which a solution is apparent. 
6.1.4. Potential future directions 
Some of the criticisms above arise from factors which were outwith the scope of the project 
(in terms of its remit as an ecological study, and within the limited time period). 
Considering these factors, ideas for the potential development of the work presented in the 
thesis have arisen directly from the work, and in conjunction with existing theories and 
applications. These ideas are discussed in the relevant chapter discussion sections, but are 
summarised below for reference purposes: 
• 
Directed sampling to increase data for some of the defined habitat types studied (i.e . 
specifically fen or swamp systems), and refine models utilising some state variables (e.g. 
biomass). The development of such a dataset might allow: 
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• Long term monitoring of sites which have seen large drawdown impacts during the 
study period, in order to assess re-inundation and its implications for the vegetation 
present. 
• Development of methodologies to predict differences between one definable 
community type to another (e.g. NYC), and therefore potential changes between 
communities due to perturbation, with the dissemination of outputs via a web or CO-
ROM-based GUI, or other appropriate platform. 
• The biogeographical coverage of data comprising the work of the CSR strategy theory of 
Grime (Grime, 1979; Grime et ai., 1988) was largely restricted to the flora around the 
region of Sheffield and Derbyshire in the U.K. The application of the theory to formerly 
unclassified species is now a possibility (Hodgson et ai., 1999). This could allow for the 
testing of the functional classification methodology devised by Hills et ai. (1994) to a 
range of British wetland vegetation types (and with the addition of a few relatively easily 
measured groundwater-related environmental gradients as identified by the work 
presented here). 
• Measurement of physiological traits so that 'function' can be defined, and perhaps 
inferred from morphological traits would be a useful development, with outputs which 
could inform management practices further. Recent work by Yretare et ai. (2001) shows 
one potential approach, which combines experimental and field observations. The work 
links phenotypic responses in Phragmites australis to the species ability to regulate gas 
exchange between aerial and below-ground parts of the plant, and its ability to uptake 
nutrients. However, this is but one species, and much more screening work is required 
in this area of research. 
6.2. Application of the work to wetland management 
6.2.1. Synthesis of the results 
A relatively few major hydrological and hydrology-related environmental pressures appear 
to drive the structure and composition of the vegetation within the fen, mire and swamp 
communities sampled. In addition, important variables such as pH are largely influenced by 
source of groundwater input (e.g. telluric, or riverine), while relative redox potential is 
strongly influenced by physical factors of drawdown, inundation and fluctuation. Variations 
in these factors are therefore intimately linked to the stable state of redox potential. 
It is apparent that relative levels of drawdown, inundation and fluctuation equate to relatiw 
levels of stress within the given systems. These factors of stress in turn favour certain 
species assemblages and certain characteristics within the wetland wgetation via a number 
of routes. Both level of drawdown, and levels of inundation will favour certain species. and 
effectively exclude others with different water level requirements (Newbold and Mountford. 
1997), especially if amplitudes of fluctuation are relatively low. Variation of relative water 
table levels within these prescribed limits will influence the morphology of the constituent 
species within their parameters of plasticity. More dynamic systems (in terms of fluctuating 
water levels) however, will provide a different form of stress: intermediate levels of regular 
fluctuation have been shown to influence relative trophic status of wetland soils via nitrogen 
and phosphorus mineralization (Patrick and Mahapatra, 1968), but there will undoubtedly be 
a trade-off in terms of the ability of vegetation to withstand increasingly higher levels of 
stress. This has been demonstrated in the results presented by predictive relationships 
between increasing values of stress, and biotic variables such as stem density, and biomass. 
A relatively large number of predictor variables were best expressed as quadratic and cubic 
functions within the predictive models, and this can perhaps be explained by the dynamic 
nature of the wetland environment, as outlined above. One example is the morphological 
variation observed in wetland graminoids by Koncalova (1990). More sub-surface roots are 
produced with increasing water table levels, rather than are deep-penetrating roots, and vice-
versa for lower water table levels. Rapid fluctuations between these two states however is 
likely to represent a hostile environment to even those species adaptable to water level 
variation, with a trade-off between production of photosynthetic biomass and specialised 
root biomass likely to be compromised. Therefore, relative to the more stable states of near-
continuous inundation or drawdown, a good deal of wetlands probably represent 
predominantly stress-driven environments, with constricted gradients. Evidence for this has 
been provided by the eco-hydrological interactions detailed in this work. 
6.2.2. Specific applications 
The work presented has tangible outputs with the potential to be applied as components of 
tools to manage wetland ecosystems in an informed manner, and also as tools to monitor 
wetland health (biointegrity). The work goes some way to fulfilling what Wheeler and Shaw 
(1995) regarded as a need to be able to understand interrelationships between mire 
vegetation and hydrology, to enable the prediction of the likely effects of hydrological 
change upon vegetation. Further work, as discussed above, is however clearly still needed. 
The specific applications of the work might allow: 
• 
A prediction of the effects of groundwater drawdown. for consideration where proposed 
abstraction (or other) works might directly affect wetland hydrology. 
• An informed management of rare and endangered species, or species with a restricted 
distribution whose ecological requirements are not known (e.g. see Appendix 10). 
• Hydrological management of certain wetlands; for example, the aim of management of 
certain wetlands may be to produce canopy structures conducive to nesting and over-
wintering birds (e.g. Bhatia, 1999). Broad-scale changes to state variables within the 
vegetation in relation to water-level variation can be predicted using this approach. 
• Management of invasive species (often a problem in wetlands whose hydrology IS 
managed: e.g. Bhatia (1999), Mitchell (2000) by appropriate manipulation of water 
levels. 
In conclusion, this study represents a stage of progression in the application of trait-based 
assessments to the understanding of wetland ecology. As such, a number of predictable 
relationships between major gradients and aspects of the vegetation have been described. 
However, as with any aspect of vegetation ecology there is an obvious need to complement 
the trait-based approach with an assessment of the community assemblage, in order to 
rationalise the use of broad-scale predictive approaches at finer spatial scales (e.g. within a 
single site). This thinking perhaps helps to rationalise the general state of views in 
vegetation ecology at the current moment, somewhere between the extremes of the 
organismic and individualistic models of vegetation composition proposed by Clements and 
Gleason (see Chapter I). On the one hand, a number of traits are shared by species 
composing the vegetation, and the environment will act as a 'filter' of certain traits, or will at 
the very least determine the relative values of these traits, irrespective of geographical 
location. On the other hand, the characteristics and potential' irregularities' of the individual 
species also need to be considered if wetland management is to be best informed. 
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Appendix 1 Sampling dates at each site during period 1998-2000, showing numbers of stations sampled per visit. 
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-
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-- -------
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Appendix 2 Vegetation quadrats sampled at Nether Whitlaw during June 1998 
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Appendix 3 Species lists and abundance values per sample station. 
Appendix 3(a) For August 1998; three letter codes represent species listed in Table 2.3.1. i= Insh Marshes, n=Nether Whitlaw 
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Appendix 3(b) Species lists and average abundance values per station for 1999; three letter codes represent species listed in Table 2.3.2: g= Glen Moss: i= 
Insh Marshes; 1= lochwinnoch; n=Nether Whitlaw; t= Tarn Moss. 
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Appendix 3(c) Species lists and average abundance values per station for 2000; three letter codes represent species listed in Table 2.3.3 e= Endrick Marshes: 
i= Insh Marshes; w= Wood of Cree. 
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Appendix 4 Groundwater and related variables, collective vegetation variables. 
dominant population(s) trait values per sample station. and 
Appendix 4(a~ Average groundwater and other environmental variable values per station for 
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Appendix 4(d) Average groundwater and other environmental variable values per station for 1999. g= Glen Moss; i= lnsh Marshes; 1= lochwinnoch; 
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Appendix 4(e) Average collective vegetation variable values per station for 1999. g= Glen Moss; i= Insh Marshes; 1= lochwinnoch; n=Nether Whitlaw: t= 
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Appendix 4(1) Average dominant population(s) trait values per station for 1999. g= Glen Moss; i= Insh Marshes; 1= lochwinnoch; n=Nether Whit law; t= Tarn 
Moss. 
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Appendix 4(g) Average groundwater and other environmental variable values per station for 2000. e= Endrick Marsh, i= Insh Marshes, w= Wood of Cree. 
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Appendix 4(b) Average collective vegetation variable values per station for 1999. e= Endrick Marsh, i= Insh Marshes, w= Wood of Cree. 
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Appendix 4(i) Average dominant population(s) trait values per station for 1999. e= Endrick Marsh, i= Insh Marshes, w= Wood of Cree. 
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Appendix 5 Site representation within relative TWINSPAN groups 
(a) For combined 1999 vegetation data showing indicator species (do' t . h' . , 
. h' h . fr . mman \\ It m group: It 
present Wit m ot er groups, In eque.nt, and with lower pseudospecies score): G = Glen 
moss; I = Insh marshes; L = Lochwmnoch; N = Nether Whitlaw mos' T = T _ 
*1 d' .. h' d'f~ s, am mos~ 
n Icates representatIOn Wit m I lerent groups over subsequent sampling periods. . 
TWINSPAN 
Group 
I 
(n=14) 
II 
(n=52) 
III 
(n=22) 
IV 
(n=17) 
V 
(n=21 ) 
Membership 
June 
G:4,5*,6 
T: 4, 5 
G: 1-3 
1: 11 *, 12, 13, 
15,16,20,21 
L:l 
N: 2, 3,4,5,6 
T: 3 
I: 1,2,3, 5,6, 
10*, 14 
T:2* 
1:7,8,18 
N: 1 
T: 1 
1:4,9,19 
L: 2,4,5,6 
July 
G: 4, 5*, 6 
T: 4, 5 
G: 1-3 
I: 10*,12,13, 
15, 16,20,21 
L: 1 
N: 2, 3, 4, 5, 6 
T: 3 
I: 1,2,3, 5,6, 
II *, 14 
1:7,8,18 
N: 1 
T: 1,2* 
1: 4, 9 ,19 
L: 2,4,5,6 
August 
G: 4, 6 
T: 4, 5 
G: 1-3,5* 
I: 11 *, 12, 13, 
15,16,20,21 
L: I 
N: 2, 3, 4, 5, 6 
T: 3 
1: I, 2, 3, 5, 6, 
10*, 14 
I: 7,8, 18 
N: 1 
T: 1,2* 
1:4,9,19 
L: 2,4,5,6 
Dominantlindicator 
species 
Hydrocotyle vulgaris 
Vaccinium oxycoccus 
Carex rostrata 
Menyanthes trifoliata 
Carex panict!u 
Carex nigra 
Molinia cerulea 
Deschampsia cespitosa 
Ranunculus repens 
Carex aquatihl 
(b) For combined 2000 vegetation data showing indicator species (dominant within group: if 
present within other groups, infrequent, and with lower pseudospecies score): I = Insh 
marshes; W = Wood of Cree fen; E = Endrick marshes. *Indicates representation within 
different groups over subsequent sampling periods. 
TWINSPAN Membership Dom inantlindicator 
Group species 
June July August 
I I: 1 *,3,5,6,8 I: 3,5,6,8 I: 1 *,3,5,6,8 Carex nigra 
(n-14) 
Hydrocotyle vulgaris II W: 1-6 W: 1-6 W: 1-6 
(n=18) Mentha aquaticu 
Menyanthes tri(oliata 
III E: 1-6 E: 1-6 E:I-6 Carex aqllatilis 
(n=28) I: 4, 7, 9 I: 1 *,4, 7, 9 I: 4,7,9 Ph alar is arllndinaceu 
Appendix 6 Group memberships determined by fuzzy clustering 
+5.0 
Group3 0 
-1.0 
-1.0 +5.5 
(a) DCA ordination diagram of vegetation data for the 23 sites sampled in August 
1998. The gradients are 4.69 for axis 1, and 5.31 for axis 2; total inertia = 6.33, 
eigenvalues of axes 1-4 are 0.74, 0.46, 0.29, 0.17 respectively. Cumuiatiyc 
percentage variance of species data is 11.7 for axis L 7.3 for axis 2 (26.3 for all .f 
axes). groups determined by fuzzy clustering. For site representation within groups 
see Appendix 6b. 
(b) Site representation within relative fuzzy clusters for August 1998 vegetation data: I = 
Insh marshes; N = Nether Whitlaw moss. Fuzzy partition coefficient = 0.65 
Cluster 
I 
(n=9 ) 
II 
(n= 8) 
III 
(n= 6) 
Membership 
I: 2, 3, 5, 6, 7, 8, 14 
N: L.5 
I: 1,4,9, 12, 13.16 
N: 2, 3 
I: 10,11, 15, 17 
N: 4, 6 
Appendix 6 
+5.0 1------------------
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-l.0 
-l.0 
Group 2 
• 
• 
.. c.. 
+7.0 
(c) DCA ordination diagram of vegetation data for 42 sites sampled in June, July and 
August1999 (Lochwinnoch site no.3 removed: 126 data points in total): The 
gradients are 5.71 for axis 1, and 3.96 for axis 2; total inertia = 10.13, eigenvalues of 
axes 1-4 are 0.69, 0.53, 0.45, 0.31 respectively. Cumulative percentage variance of 
species data is 6.8 for axis 1, 5.2 for axis 2 (19.5 for all 4 axes). groups determined 
by fuzzy clustering. For site representation within groups see Appendix 6d. 
(d) Site representation within relative fuzzy clusters for combined 1999 vegetation data: G = 
Glen moss; I = lnsh marshes; L = Lochwinnoch; N = Nether Whit law moss: T = Tarn moss. 
Fuzzy partition coefficient = 0.52. *lndicates representation within different groups over 
subsequent sampling periods. 
Cluster 
I 
(n=54) 
([ 
(n=37) 
III 
(n=32) 
Membership 
June 
G:l,2,3,4,5 
I: 12,13,15*,20 
L:l 
N: 2-5,6* 
T: 3-5 
I: 1,2,3,5,6, 10, 
11 *, 14, 18 
N: 1 
T: 1 *,2 
G:6* 
I: 4, 7, 8*, 9, 16*. 
19,21 
L:2,4,5,6 
July 
G: 1, 2, 3, 5, 6* 
I: 11*,12,13,20 
L: 1 
N: 2-5 
T: 3-5 
I: L 2, 3,5,6,8*, 
10,14,15*,18 
N: L 6* 
T: 1 *.2 
I:.t. 7, 9,16*.19,21 
L: 2,4, 5.6 
275 
August 
G: 1,2.3,5,6* 
I: 12.13,15*,16*. 
20 
L: I 
N: 2-5. 6* 
T: 3-5 
I: 1.2.3,5.6.8*. 
10,11*,1-+.18 
N: I 
T: ' 
I:.t. 7. 9.19.21 
L: 2.4. 5. () 
T: 1 
Appendix 6 
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(e) DCA ordination diagram of vegetation data for 20 sites sampled in May, June and 
August 2000. The gradients are 4.58 for axis 1, and 4.00 for axis 2: total inertia = 
6.05, eigenvalues of axes 1-4 are 0.65, 0.48, 0.4.355, 0.23 respectively. Cumulative 
percentage variance of species data is 10.8 for axis 1. 7.8 for axis 2 (28.2 for all 4 
axes groups determined by fuzzy clustering. For site representation within groups 
see Appendix 6f 
(I) Site representation within relative fuzzy clusters for combined 2000 vegetation data: E = 
Endrick marshes; I = Insh marshes; W = Wood of Cree fen. Fuzzy partition coefficient = 
0.56. *Indicates representation within different groups over subsequent sampling periods. 
Cluster 
I 
(n= 18) 
II 
(n-27) 
III 
(n=15) 
Membership 
June 
E: 1, 2, 4, 5, 6 
I: 1*,3 
W: 1-6 
E: 3 
I: 4,5*,6*, 7*, 8, 
9 
July 
E: 1, 2, 4, 5, 6 
1: 1 *, 7* 
I: 3. 5*, 6* 
W: 1-6 
E: 3 
I: 4, 8, 9 
August 
E: 1,2,4,5.6 
I: 7* 
1: 1*. 3. 5*. 6* 
W: 1-6 
E: 3 
I: 4, 8, 9 
Appendix 7 Summary of National Vegetation Classes defind for individual samples 
(a) Classes designated for August 1998 vegetation data for all 23 sites: coefficients shown 
are from MATCH (Malloch, 1999); 1= Insh Marshes; N = Nether Whitlw Moss. 
Site Transect Community MATCH Sub- MATCH Number Coefficient t community Coefficient + . 
II M5 Mire 34.4 
12 M25 Mire 32.1 M25a 35.8 13 M25 Mire 26.7 M25a 28.7 14 1 S 11 Swamp 34.6 S 11 b 35.6 IS I M9 Mire 41.3 M9b 43.9 16 1 M9 Mire 38.6 M9b 40.5 17 1 S II Swamp 44.1 S 11 b 46.6 
18 M23 Rush-pasture 30.4 M23b 35.3 
19 S II Swamp 47.0 S lIe :'\7.1 
110 :2 M5 Mire 33.2 
III 2 S4 Swamp and reed-beds 29.6 S4c 39.2 
112 2 S9 Swamp and reed-beds 34.4 S9b 42.6 
113 2 S9 Swamp 41.6 S9b 50.2 
114 2 S27 Tall-herb fen 41.8 
115 2 S4 Swamp and reed-beds 31.5 S4c 47.9 
116 2 M4 Mire 35.8 
117 2 
Nl 1 SIO Swamp 33.4 
N2 1 S9 Swamp 62.1 S9b 62.9 
N3 S9 Swamp 62.1 S9b 62.9 
N4 SIO Swamp 34.8 SlOb :,\9.6 
N5 M4 Mire 31.1 
N6 M5 Mire 43.4 
t Coefficient range 0-100; higher coefficient score - closer match 
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(b) Classes designated for.average 1999 vegetation data for all 42 sites; G = Glen Moss: I = 
Insh Marshes; L = Lochwmnoch; N = Nether Whitlw Moss; T = Tarn Moss. 
Site Transect Community MATCH Sub- MATCH Number Coefficient t community Coefficient t 
01 M9 Mire 29.0 M9a 29.:' 
02 1 S9 Swamp 52.6 
03 1 S27 Tall-herb fen 39.8 S27b 40.3 
04 2 M2 Bog pool community 35.0 
05 2 S9 Swamp 35.4 
06 2 S9 Swamp 38.3 
11 1 M5 Mire 34.4 
12 M25 Mire 32.1 M25a 35.8 
I3 M25 Mire 26.7 M25a 28.7 
14 S 11 Swamp 34.6 Sllb 35.6 
15 M9 Mire 41.3 M9b .. U.9 
16 1 M9 Mire 38.6 M9b 40.5 
17 1 S11 Swamp 44.1 S 11 b 46.6 
18 1 M23 Rush-pasture 30.4 M23b 35.3 
19 1 Sl1 Swamp 47.0 S 11c 57.1 
1I0 2 M5 Mire 33.2 
III 2 S4 Swamp and reed-beds 29.6 S4c 39.2 
112 2 S9 Swamp and reed-beds 34.4 S9b 42.6 
113 2 S9 Swamp 41.6 S9b 50.2 
1I4 2 S27 Tall-herb fen 41.8 
115 2 S4 Swamp and reed-beds 31.5 S4c 47.9 
1I6 2 M4 Mire 35.8 
118 3 MOIO Mesotrophic grassland 33.2 MOIOa 35.5 
119 3 SII Swamp 44.7 S 11c 58.5 
120 3 S9 Swamp 57.1 
121 3 S27 Tall-herb fen 31.2 
Ll 1 S27 Tall-herb fen 24.7 
L2 I S27 Tall-herb fen 22.0 
L4 2 M27 Mire 15.8 M27b 20.3 
L5 2 S 11 Swamp 32.5 S 11c 43.6 
L6 2 S II Swamp 24.7 Sllc 36.0 
NI SIO Swamp 33.4 
N2 S9 Swamp 62.1 S9b 62.9 
N3 S9 Swamp 62.1 S9b 62.9 
N4 S10 Swamp 34.8 SlOb 59.6 
N5 M4 Mire 31.1 
N6 M5 Mire 43.4 
Tl M23 Rush -pasture 29.1 
M23b 37.1 T2 M23 Rush-pasture 34.1 
SlOb 44.8 T3 SIO Swamp 29.9 
M21b 42.3 T4 M21 Valley mire 38.8 
Valley mire 41.3 M21b 42.8 T5 M21 
tCoefficient range 0-100; higher coefficient score closer match 
d 
(c) Classes designated for.average 2000 vegetation data for all 20 sites: G = Glen \10ss: I = 
Insh Marshes; L = Lochwmnoch; N = Nether Whitlw Moss; T = Tarn Moss. 
Site Community MATCH Sub- MATCH 
Coefficient t community Coefficient ~ 
El S28 Tall-herb fen 28.8 S28a 31. "7 E2 S 11 Swamp 43.9 S 11 b 
-l-l. I E3 S28 Tall-herb fen 31.8 S28a 36.1 E4 S 11 Swamp 48.S 
ES S 11 Swamp 41.0 
E6 S27 Tall-herb fen 47.4 S27a 53.3 
11 MS Mire 39.6 
I3 M23 Rush-pasture 28.9 
14 S 11 Swamp 42.8 
IS M9 Mire 37.9 
16 M9 Mire 38.6 M9b 39.7 
17 S 11 Swamp S1.S S 11 b 53.~ 
18 M23 Rush -pasture 36.1 M23b 4~.3 
19 S 11 Swamp SO.3 S l1c SSA 
WI S27(W3) Tall-herb fen (woodland) 3S.4(40.0) S28a 39.6 
W2 S27 Tall-herb fen 4S.8 
W3 S27 Tall-herb fen 46.0 
W4 S27 Tall-herb fen 37.8 S27a -l1.~ 
WS S27 Tall-herb fen 43.4 S27a -l4.3 
W6 S27 Tall-herb fen 36.6 S27a 39.8 
t Coefficient ran~e 0-100; hi~er coefficient score = closer match 
Appendix 8 Equations for predictive models for R2 <0.50. 
(a) Predicition of collective vegetation variable 
Species richness (S) = -8.103 +24.3641ogeCL -1O.5211ogeCL2 + 1.2751og CL3 ~O 0179RED 
+0.0002 I 95RED2 --0.00000 107RED3 e . 
(F = 4.068; d.f. = 6; R2 = 0.41; p = 0.003) 
NENE = 9.045 -1.0311ogeFLU -1.033PH +0. 1991ogeFLU2 
(F = 9.579; d.f. = 3; R2 = 0.43; p = <0.001) 
lo&CAHT = 2.428 +0.2171ogeCON 
(F = 4.758; d.f. = 1; R2 = O.ll;p = 0.035) 
logeSTD1 = 3.220 +0. 1 6910geCL -O.350PH 
(F = 8.527; d.f. = 2; R2 = 0.30; p = 0.001) 
logeB2 = 3.031 +3.8661o&FLU --O.00296RED +0.00003127RED2 -2.5721ogeFLU2 +0.485IogeFLUJ 
(F = 4.304; d.f. = 5; R2 = 0.37;p = 0.004) 
BT = 764.301 + 1069.2161ogeFLU -736.9471ogeFLU2 +147.8801ogeFLU3 -1.334RED +0.0117RED
1 
-260 1.3491o&K + 2921.4451ogeK 2 -930.4281o&K3 
(F = 3.371; d.f. = 8; R2 = 0.45;p = 0.006) 
logeB1:B2 = 10.470 -O.330PH -2.2571ogeCON + 0.1711ogeCON
2 
(F = 4.643; d.f. = 3; R2 = 0.27;p = 0.007) 
logeREPR = 3.094 +0.392PH +0.260logeN03 
(F = 3.280; d.f. = 2; R2 = 0.15; P = 0.049) 
(b) Prediction of dominant population traits 
logeRamHT = 5.292 --6.7861ogeK +8.766IogeK
2 
-3. 1 65logeK
3 
(F = 5.270; d.f. = 3; R2 = 0.29; p = 0.004) 
logeRamRE = 1.748 +0.004877MIN -O.9741eFLU +0.0006065MIN
2 
+0.328IeFLU
2 
(F = 3.936; d.f. = 4; R: = 0.29;p = 0.009) 
lo&RamDWR = 5.0 --6.4081o&FLU -.7171ogeFLU
2 
+0.292logeFLU
3 
(F = 5.618; d.f. = 3; R2 = 0.31; P = 0.003) 
280 
(c) Prediction of groundwater and related substrate enviornmental variables 
WAT = -227.950 +52.0 1 lo&STDE -O.4111ogeSTDE3 + 12.621NENE -3.S0SNENE" 
(F = 4.91; d.f. = 4; R2 = 0.34;p = <0.0010.003) 
MAX = -296.810 +65.853IogeSTDE +0.440IogeSTDE3 -O.S7SS 
(F = 3.741; d.f. = 3; R2 = 0.23;p = 0.019) 
logeFLU = -0.528 -2.035NENE +0.460NENE2 +0.0 1843BT -O.0000266Br +0.0000000117 -mr 
+0. 142REPR 
(F = 4.397; d.f. = 6; R2 = 0.44;p = 0.002) 
PH = 7.684 -0. 14510geSTDE -O.303NENE -O.ISllogeB1 :B2 
(F = 7.767; d.f. = 3; R2 = 0.38;p = <0.001) 
logeK = 6.398 -3.8261ogeSTDI + 1.0331ogeSTDI2 -1.361IogeRamTLA +0. 17910geRamTLAl 
+0. 1 54DWS:DWL 
(F = 5.496; d.f. = 5; R2 = 0.43;p = 0.001) 
logeK = 4.940 -5.204Io&STDI + 1.5351ogeSTDI2 
(F = 7.369; d.f. = 2; R2 = 0.27; P = 0.002) 
logeCL = 2.763 -O.238S +0.010 17S2 +0.576IogeSTDI 
(F = 4.643; d.f. = 3; R2 = 0.27;p = 0.007) 
1 logeCON = -0.535 +7.832IogeRamLV +0. 150logeRamTLA -3.808IogeRamLV 
+0.535IogeRamLV3 +3.045IogeBl:B2 -2.111 logeBl:B22 +0.373IogeBl:B23 
(F = 3.205; d.f. = 7; R2 = 0.40;p = 0.010) 
logeCON = -1.338 +2.033IogeCAHT + 1.14SIogeB2 -O.0423IogefAHT' -O.160logeBi 
+0. 721logeBl :B2 -O.5681ogeB1 :B22 +0.OS796IogeBl :B2 
(F = 2.486; d.f. = 7; R2 = 0.34;p = 0.036) 
logeN03 = -0.308 +0.04114S -0. 780NENE +0.04S3SNENE3 +0.24SlogeREPR 
(F = 4.077; d.f. = 4; R2 = 0.31; p = 0.008) 
logeSO/' = -0.680+0.185asinLITT -O.00493asinLITr 
(F = 3.281; d.f. = 2; R2 = 0.14;p = 0.048) 
281 
(d) Predicition of proportion of attribute types per sample 
Polycarpic Perennial (LH6) = 217.537 +2.308MIN +0 08997MINl 0 
---D.0000121REDJ . + .08347RED -O.OO':::'+95RED2 
(F = 3.710; d.f. = 5; R2 = 0.28;p = 0.006) 
Hemicryptophyte (LF3) = 50.591 +19.1551ogeFLU +3.738MIN ---D 0315M 1 d 
+0.128RED-O.00116RED2 --4.386WAT . IN -O.00'+'+6:\U~ 
(F = 3.322; d.f. = 7; R2 = 0.34;p = 0.006) 
Helophyte (LF5) =176.464 -59.7641ogeFLU +15.5581ogeFLUl +3.461 WAT +0 008842W r 
0.351MIN ---D.00854MINl +0.121RED -O.000733RED2 . A-
(F = 2.985; d.f. = 8; R2 = 0.35;p = 0.009) 
Rosette canopy (CSl) = 23.547 +0.433BRYO +2.648MIN +0.06459MINl +9.4731 PH-
0.2781ogePHJ oge 
(F = 6.762; d.f. = 5; R2 = 0.41;p = <0.001) 
Semi-rosette Canopy (CS2) = 198.583 +5.507BARE -0.21 I BAREl -78.9491ogePH 
+ I 0.6861ogePH2 
(F = 3.859; d.f. = 4; R2 = 0.24;p = 0.008) 
Canopy Height I-3m (CH5) = 351.594 -O.632BRYO -72.0651ogeCON +6.653IogeCONl -
17.0131ogeFLU + 1.106WAT 
(F = 3.451; d.f. = 5; R2 = 0.26;p = 0.01) 
LogeLateral Spread 1; limited (LSI) = 1.827 +0.055 17BRYO +0.08086MIN ---D.2241ogcPH -
0.00125M1N2 -O.000446BRY02 -O.000109MIN2 
(F = 6.234; d.f. = 6; R2 = 0.44;p = <0.001) 
LogeLateral Spread 5; perennials >1000mm (LS5) = 1.323 ---D.00305BARE +0.002431 BARe 
+0. 104MIN +0.00 1236MIN2 -O.0000518MINJ +0.001302RED ---D.0000710RED2 
+0.00000079IREDJ +0.002292WAT -.0099WAT -O.000222WAr +0.687IogeFLU 
+0.6471ogeFLU2 -0. I 9710geFLU
J 
(F = 2.271; d.f. = 14; R2 = 0.45; P = 0.022) 
2 
Dispersule and Germinule 1; fruit, or part of (DGl) = 243.902 +5.387BARE ---D. 138?ARE -
0.00276BAREJ -O.0656BRYO -O.00182BRY02 -59.4771ogePH + 7.5191ogePH + I.074MIN 
(F = 2.897; d.f. = 8; R2 = 0.34;p = 0.011) 
Dispersule and Germinule 2; seed (DG2) = -54.555 -1.9981ogeCON +79.906IogcPH-
I 0.1231ogePH
2 
-O.04836RED +0.002366RED2 ---D.0000085I RED3 
(F = 2.344; d.f. = 6; R-' = 0.23; P = 0.046) 
2 
Bryophyte Cover = 480.604 -I 40.493 logeCON -10.353IogeCON 
(F = 6.116; d.f. = 2; R2 = 0.19;p = 0.004) 
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(e) Prediction of groundwater and related substrate enviornmental variables from proportion 
of attribute types per sample 
logeFLU = 1.833 +0.002554LF3 +0.04008LF6 -o.0023LF62 +0.0000007223LF63 +0.001-+~3CS3-
0.000116CS32 +0.000000 1925CS33 
(F = 2.515; d.f. = 7; R2 = 0.28;p = 0.028) 
WAT -7.927 -o.0308L~3 +0.03422LF5 +0. 156LF6 +0.01873CHS +4. 18410geLSS -1.0311ogeLSS1 
+0.06519IogeLS5 
(F = 3.857; d.f. = 7; R2 = 0.37; p = 0.002) 
RED = 955.083 -14.346LH6 +0.764LF3 +0.068 I 7LH62 -0.000 I 03LH63 ---O.OO-+~-+LF31 
+0.00001252LF33 
(F = 4.430; d.f. = 6; R2 = 0.36;p = 0.001) 
logePH = 6.338 -1.3logeLSl -o.0417LS2 +0.000262LS22 +0.311IogeLS1 2 
(F = 5.409; d.f. = 4; R2 = 0.31;p = 0.001) 
logeCON = 5.955 -o.00686BRYO -o.00294DG2 
(F = 6.218; d.f. = 2; R2 = 0.20; p = 0.004) 
WAT = -9.708 +0.07639LF5 
(F = 19.708; d.f. = I; R2 = 0.28;p = <0.001) 
MIN = 18.175 +0.09324LF5 + 3.6381ogeLS5 +0.637IogeLSS2 +0.02578IogeLSS
3 
(F = 5.645; d.f. = 4; R2 = 0.32;p = 0.001) 
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Appendix 9 Raw average data from competiton and water Ie It. 
ve reatment expenments 
(Chapter 5) 
Appendix 9a Final harvest values for competiton and water level t t . 
rea ment expertments. :\ 
= Agrostis stolonifera; D=Deschampsia cespitosa. 
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Appendix 9b Harvest values for Deschampsia cespitosa flood d d h . 
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Environmental variables and \egetation charactenstlc,:; aso:;oclated 'Alth a population ofC'urn 
churJurrhl=u L. fil. (String ~edge). 
M. P. Kennedy and K. J. Murphy 
I 
fnHirure or BlUmeJft.)/ and Life Seitner,' Di\'l.\lOn (~f Environmental and Evo/uflUnary Bi%RY, 
C"nW"I) u(G/UIR0V.. G/UlR0>C. G J:: IiQQ 
ABSTRACT 
The hydrological and hydrochemical conditions characterising a riverine wetland habitat supporting a 
large population of Curn chord()rrhl:a within the Insh Marshes, Scotland, "ere quantified and related 
to structural measurements of the species, and the plant assemblages in which it occurred. 
Environmental factors which produce intermediate levels of stress, such as moderately reducing 
hydrosoil conditions and near-constant shallo" inundation "ere associated with the occurrence of C 
chordorrhl:'u as a dominant ~pl:Cle" at this SIll: 
K[yV,ORD\ (,round"ater vanables, vegetation variables, Insh Marshes, riverine wetlands, Scotland 
INTRODUCTIO!\ 
C(1rl'X (hurt/()rrtll:u I, til. (~tT1ng "L'dgej is a perennial plant. \\ith far-creeping rhizom.es and solitary 
',huo'" aTlslng from the hase of the floVvCTlng \!em.., The species is characterised by an ovoid flowering 
heJd. 7·ISmm (~I)!neo ..,uhgl"nu ... L and h) pale ydlo'A-hm\\ n scales which rapidly decay (Jermy et a/ 
1982) ( (hl)rdIJrrlll:(J ha<; .J circumpolar dl..,trlhutlon IAlthm the boreal and subarctic regions. It is 
common In [celand. ~1...iIlJlIla\ld, Finland and Russia, but has a sporadic distribution in other areas of 
f-uropc and III '\..urlh '\rncrILJ (PJgc and Ric1cy 1l)85) 
[n Britain. the species is considered to bl.' a relict. left behind ro!lo\\ mg the rl.'lrl'Jl of boreal "peclt's al 
the end of the last glaciation. As such, it constitutes a Northern Montane element of the BntlSh flora 
(Page and Rieley 1985). Populations have been recorded at onl) t\\O 5ites in the l.:K. both in the 
Highlands of Scotland, In West Sutherland (VC 108) three large and several smaller colonies arc 
present within a 10-km square, at the head of Loch Navel. Altnaharra. The estimated population size is 
in the order of 100,000's of shoots. A greater number of scattered colonies are present In Easterness 
and Nairns (VC 96), throughout the I nsh Marshes, within three 10-km squares. The estimated shoot 
population is > I ,000,000. The restricted distribution C chordorrhioa in Britain gives it threatened 
species status, It is included in the British Red Data Book for Vascular Plants (Lcgg el a/ I qqSb) The 
species was first recorded in Britain in 1897 b; the Rev. E.S. Marshall, and Dr W.A. Shoolbred in 
West Sutherland (NC5636) (Alex Lockton, BSBI, pers. comm. 200 I), The first record of the species 
within the Insh Marshes (Easterness and Nairns) was by S.E. Page and J.O. Rielev in 1978 (Page and 
Rieley 1985). More recently a s;stematlc survey of the distribution of the species on the Insh ~larshes 
was carried out by Legg el 01. (1995b). who reported the area containing C ,hordunill:u Ie. 15.4 hal 
to be five times larger then previousl) recorded. The authors considered that a rapid vegetative spread 
of the species may have occurred during the late 20'h century, rather than the plant having been 
routinely under-recorded at this site 
From experimental investigations into the effects of \\ater kVl"1 change on thl' sur\Ol\31 of C 
chordorrhiza, based on the measurement of a number of morphological trails, Legg ,'I 01. (1995a) 
concluded that the species would nnt survive prolonged Inundation, and that In) prolnngcd dr.l\\dn'A n 
would lead to retardation ur grov.1h \\ c ha\(' also founJ (Kt'nnl'd~ cf af ~t)OJ1) that thL' mJgnltude JIlJ 
I 
duration of water level fluctuation~ can produce prL'dicatbk change", in recorded \'J.lue:-. for J range of 
morphological traih. related both l(l surVival (l.'.g. root and kar rr('>ductlool, and to 'vegl.'talivc ~prL'..ad 
(e.g. rhizome and stolon production) in wetland gra<;~l"<;, sedge~ and rnrh ... PrL'\ h)U'" puhll..,hd ficld 
observations on the groundwater dynamic influenCing populatIOn.., or C Lhordorrlll:o are, ho\\ncr. 
limited to single water depth mea~uTl:rn('nh, and as,,;,oclJkd hyJnx:hL'rlllcal analy,.,e'> (pH. Ca, Mg. NcL 
Fe, Mn and K), conduclcd by Page and Ricky (1985). 
tJ 
..c 
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During the course of a wider study into eco-hydrological Interactions within northern British poor-fen 
systems. v.e collected data on vegetation and environmental variables \-\ ithln two areas where Carex 
I chordorrhl:a "'as recorded at Invertromie Fen, within the Insh Marshes. At one I~lion the species 
'I' 
formed the dominant component of the assemblage. At the second location it "as present at a lower 
perccntage cover. The dala provide an insight into hydrological and hydrochemical factors influencing 
d· . f Ii. d' . I .. the Istributlon 0 the species In Scotian. It also aids a charactertsatlon of the p ant communities 
"ithin "hich this species is found in the British ;sles. This may help provide a baseline for the 
approprtate management of thIS rare sedge. 
MATERIALS AND METHODS 
5;J{e de.~cri{J{/()n 
The Insh Marshes RSPB reserve is a nationally and internationally important site (Gibbons 1993), 
With a grade I SSSI. and RAMSAR designation. The underlYing and local geology is predominantly 
hard. aCidiC quartz. feldspar and schist of the Dalradian and MOinian series. with some possible 
cnrlChment from limestone outcrops upstream of the River Spey (Page and Rieley 1985). Botanical 
,ur"" of the "etlands il'uJt 1989, Loizou 1997: Murph) & Hudson 1991, Wood & Evans 1989) 
h3''' classified the main communities as swamp and poor fen. with scattered and infrequent mire and 
scrub communities. Work undertaken b) Grieve el of. (1995) suggests that a complex system of 
hydrological Inputs and balances including valley side runoff. groundwater upwelling, and riverine 
inundation underpin the functioning 01 the marshes. Invertromie Fen (NH775001-775003) consists of 
peat ba')cd afc3.,> mlxl'd \l.ith fl()ating mat \cgetatlon. and contains one of the larger colonies of C 
chord"rrlll:J Ie IOOm'l sUr\e)ed by I.egg cJ uf. (1995b) Sampling was conducted along a Ilxed 
Iran'>Clt {c hOOm long) funning at right angles to the <,outh (tfue right) bank of the River Spey, along a 
\\ N\\ -L\L dlrl'Clon Trees and shrub.., \\l'rc ab~cnt from the fran':>t:cl. giYlng ctTectlvel; unshaded 
condition,> ~e\cn \...Impllllg <,tatlon;-., \\l.'rc c\tahllshcd at rl.'gular intervals along the transect. 
~ t'~)t'/u/I(!fl tiu/IJ 
Species lists were drawn up for each visit to the site (in August !998, and monthl~ during Ma!· 
August 1999) using a I m' quadrat ",ith twenty-five 20x20cm: sub-divisions. and the percentage 
abundance of each plant species was noted. The frequenc) of species was domed from the repeat 
samples conducted throughout the growing season. Nomenclature followed Jermy cl 01. (1982) and 
Stace (1997) for vascular plants. and Smith (1978) for bC)'oph)tes Sampling "as carried out Within 
different patches each month in order to minimise the impact upon the ,egetation but always "Ithin a 
I m radius of fixed sampling equipment (see belo",) to make samples comparable. Measurements were 
made of specific morphological traits of individual plants from the dominant species present "ithin 
each quadrat. and the vegetation assemblage as a whole" as characterised b) measurtng a number of 
collective vegetation variables (CVV's: see Tables 2 and 3) 
Groundwater data 
Fixed sampling equipment "as installed at each station along the transect across Invenromie Fen. 
Water level range gauges, based on the design of Bragg et 01. (1994) were employ cd to measure 
minimum and maximum water levels during the monthly intervals be!v.ccn samrlln~ Folio"" Ing 
removal of a peat/root mat core. each gauge was anchored into Ihe rool mal of the \egt't3tion using 
right-angled brackets, in order to prevent movement of the gauge onc" operational, and to maXim"" 
accuracy of derived water level readings. An eyelet connected to a ballasted float shined t\l(' foam 
markers up and down a fixed rod as groundwater levels rose and fell The maximum and minimum 
water levels reached, indicated by the markers, could then be derived from a II,cd ,caic Dip"ells 
installed within 50cm of the gauges allowed groundwater levels to be 'Ilca,urcd at the time of 
. . II. 
sampling, where the Jev(::1 wao.:, belov. the ground surface Otherwl\c, the depth of standln!:! v.aler \\.1'::> 
measured from ground level. Mixed !:!roundwatcr samples v.crc takcn from the Jlpv.cll\ u')in t', ~l 50ml 
syringe, to whICh a knhrth uf rubber tubing had hccn connected. and \\Cre plaLL·d Inl() aCid \\,Jo..,hcd 
250ml <,ampIL: bottles. r-.,·1t:a<;urcmcnh l)f pH and ekctrllal conductiv)t y ().l~/cm) \\l.'fL' Il1Jdc u'>lng 
probes connected to prt:-callbratcd, hand hl.'ld Hanna mctLf,>, and soil rl'do," rotl.'nll.J.1 (mY) \\a~ 
measured using a self-referenCing platinum electrode prohl.', prl.'-lrt.<J.tc-d for redUCing (l.lndlllono.." 
connected to a Hanna meter Shade ca.;,1 by nearhy trL"eS Jnd/()r \Lruh, and rl.'rcL'nldgL' h.HC ).!f(lund 
were as')~')ed visually 
N 
...c 
w 
On return to the lab ground",ater samples were filtered through 0.5 )lm Whatman GF/C glass fibre 
I 
'1 fllters in order to remove suspended matcrials, and analJsed for major anions and,;ations. Chloride 
(CI), fluoride (F). nitrate (l\:0.). and sulphate (SO,") "'ere determined from sub-samples using a 
DIO'EX ion chromatogrpph ",ith a chemical suppressor and an AS4A analytical column. Samples 
I'. . .. 
were eluted ""th a sodium hydroxide G'ia,CO,/NaHCO,) solution. and conductivity was suppressed 
",ith dilute sulphuric acid (H,SO,). Detection limits ",ere 0.02 mg 1" Potassium (K) and sodium (Na) 
levels "'ere determined using flame photometry. Calcium (Ca). magnesium (Mg) and manganese (Mn) 
"'ere determined using flame atomic absorption spectrometrJ (AAS): samples were dosed with 
strontium nitrate (Sr(N03),) solution (0.4%) to suppress interference for Ca and Mg. Iron (Fe) was 
determined by graphite furnace AAS. Samples were diluted ",here appropriate. The approximate 
detection limit for these samples "'as 0.01 mg 1" 
RESLJLTS 
Commun/(1. u\\t:mhiugc 
Vv [thin the in\(T1romlt' Fen IranSt:ct. Carex chordorrht::a formed the dominant population at station 7 
( I able I) A u)-Jominanl ~pecit:'s ""as the amphibious Putamogefon po(vgomfoiious PouITet (Bog 
Pono",ecol ",h,ch helps 10 characterise the consistently Inundated conditions in which C 
(hordi)rrhl~(1 IS f\lUnd Apart from P polygontfoliou~. all other associated species were occasional. A 
,mall-\c.J\L:d form of .\i( r/HJnlhn ITiJO/W{(J L. (Bogbean) v .. a.;; also recorded, and the presence of this, 
plu\ otht.:r ,>L'dgt: speCie's (( dJUnJru Schrank. C pan/ceQ L.) suggest that the area was waterlogged, 
but prob.1hl: nol deep!)- Inundated for long periods of time The highest level of similarity to a 
recogm';'l'd ':..Illon.1I VC~da!lOn CommunI!: (""JVC) type '..\3"; It) the S9 Carex rOSlralQ swamp 
communll: I \1atch cudflucnt 44 O. ~blloch \999). In turn . .:;ub-commUnllj S9b (A1enyanthes 
ITi/nlillld-L{IiI\!"fUm /lu\/ullh'J had the hlg-hc'>t .~'1atch cnetTiclent (48.2). The S9b floristic table does 
not 11...,t ( i,'tlfdllrrhl:u J,> J uln,tltucnt specIes of thiS (()mmunllj type (Rodwell 1995), but the 
,},'>(!lIJlnj ~rh:Cle~ \~l"rc uln...,I,!l"nl 
At station I on the Invertromie Fen transect C. chordnrrhca formed a smaller componet of the 
vegetation, within a predominantly SphaRnum squarrosum Crome dominated s"ard. Three grass 
species, Agrostis slO/oniferu L. (Crceping Bent), Holcus /anatu.1 L. ,Yorkshire-fog). and .1/ollnlO 
caeru/ea (L.) Moench (Purple Moor-grass) ",ere also present, indicating slightly drier conditions than 
for station 7. The highest matched community type was to an M9 Carex rosrrara-Calliergon 
cu.lpidatumlRiRanteum mire (Coefficient. 44.7). The second highest match (41.3) to a Carex roslrala-
Sphagnum squarrosum mire community seems more sensible. A number of species recorded from 
lnvertromie are not listed within the NVC tables for this community rype, but the description is based 
on only 22 samples in total. making scope for further records possible. 
VegelQfion characteristics 
The plants of C chordorrhiza from station 7 formed a 10'" canopy, with a discontinuous spread (see 
Table 2). For the average data for 1999. it appears that the stem component of the ramets studied 
formed the bulk of the biomass. The 10'" total biomass is indicati,e of the slight nature of the species 
Comparable trait measurements "ere not !ah.en for the species at station J. as it \\-as not .3 dominant 
spec ies here. 
Collective VegetatIOn Vartables (CYVs). which provide an indl(:ation of the "tructufJI Chdrdctuisll(':"-
of the species assemblage as a "hole v.ere also measured {Tablt: J). The results il)f station 7. v.ht'fe 
the species dominated, suggest a crov.ded species assemblagL: \lr ith an rn1t:rmedl3k lc\eI ()f dIVt'r',[t~ 
and a high density ofsmall:.tc-m::.. An overall c<lnop." height of 19-:~()cm Indlcqted that C l'hordorr}J/::i.J 
, 
is rarely overtopped by othL:r '>pccies. Much of the 5tandlnf'. crop 31 th\,..· l·~J of the f'.JO\\ Ing se~.h(ln 
(1998 data) consisted of equal propor1ions of living and dead material. Hew"ever. (VI·a the kn~lh of a 
growing season, the averagt: prUp(lrtlon nf living material appear,> to be much hlght: than then 
necromass propation. Not all ')pCCle') v.lthin the a"isemblagc could he J..,.;;ign~.:d an cstahli .... hcJ rh,j'l' 
strategy (Grime CI a/. 1988). Of thL." \1"( v.hich could (1 ~ihle I), JII had strl)ng ekment ... (If <...lrt.,,","-
tolerance, gcnerall)- charackrl',t1C of plant':> occurring in lo\\-nutricnt t-:Ufl1rC.11l fl\t:rJnc \\t:tJdnd 
'''tems ,Hills el al 1994. Hilb & \1urph, 19'1"1 
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Vegetarlon -.,tructural characteristics such as stem density V.t'TL' comrarable at hoth ~t3.tion~ I and 7. but 
species richness at station 1 was about tv.,.ice that at station 7. Standing crop V\as similar between the 
I &to sites. but necromass formed a greater part of the standing crop at station 7 (Ta~_3). In addition, 
some SPCCIC::- recorded at station I showed relative!y strong competitive elements to their strategies, 
and the species compone~t also had a more of a ruderal clement. Overall a strong stress-tolerant 
II 
elememt "as also stlil apparent (Table I). 
j-"1)'.ITfJ!lml!ifU/ duru 
The data for water table dynamics (Table 4a) sho" that constant inundation was a factor associated 
",th the population of (' chordorrhlOu at station 7. although the average depth of inundation was 
relatlvel, shallov. Drawdown bela" the soil surface was not evident during the course of the season, 
and the station V.as subject to occasional deeper flooding. The redox potential of the substrate at 
stallon 7 v.as consistently negative when measured over the mo seasons of the study. However, the 
condillons appeared to be less reducing during the 1999 season, perhaps reflecting the lower incidence 
uf flooding dUring the growing season. Measured pH yalues \\ere vanable. but circumneutraL and 
conductl\-Il~ v.ac.. also variable. but never very high. None of the major metals or anions measured 
v, ere present at conspicuously high, or variable levels. The presence of sulphate in moderate quantities 
V.as in line with the h.drosori redox potentials recorded 
When comrared to the stations along the transe<:t in "hich C chordorrhca was nol found, it can be 
seen that ')(a110n 7 dlffer<; in some respects. Across the Invertromie transect, sample stations were 
.... uhj(""Ct to similar v.aler whit: fluctuations (Figure I). aparl from those at the extreme ends. Yl-hich did 
not ..,uPPIJrl nOJllng mat \cgct31lnn Th<: drop in levels of Inundation and fluctuation was more 
pron()unl..t:d r\)r ·,t.Jllon 7 during the 1999 season, than for other ~tations (Figure I b). However, other 
,lrc..3\ of th~ ITIJr"he\ \\ere ,>uh.Ject to greater Ie\cls of drav.,.-do\\n during 1999 (information available 
from Juth(,rl. Indlciling J. rcldll\tl~ stable situation \~Ilhln In\I~Ttromie Fen. Significant differences 
hClv.l'Cn '>Jmple -.,latlons V,UL' found for !(J of the 18 environmcnl.::il variables measured (Table 4). 
\\cr3~t: \I • .11t:r uhk Inc1. maximum and minimum v..1[cr table levels a\1 varied Significantly between 
"tallon., J" dHJ \1~ l J.. '\..J. and CI At -.,tation \Jlues recorded for Mg and Ca were amongst the 
highest found across the Insh Marsh ::.i[c::. Significant Y3rl3llon yVas also found betv.een stations for r-.. 
NO, and SO." (non-normal data analysed using non-parametric "atistics). Compared" ilh other sites 
across the transect, station 7 had the highest value for F, the joint highest .alue for NO,. and the 
second highest value for SO/'. 
In contrast to station 7. conditions at station I were drier on average. v. Ith a general I] oxidising 
hydrosoiliSphag-num carpet. Overall levels of water table fluctuation ",ere relativel] high dUling the 
growing season. Generally across the transect, nutllent levels "ere amongst the lowest at station I CI 
levels however were were intermediate within the range for both stations I and 7. 
DISCUSSION 
The community assemblage within v,hich C. chordorrhlZO was sample9, V.as comparable to those 
described previously by Page and Riele] (1985). Within the framework of the NYC. this assemblage 
fits most closely to the Carex roslrala dominated S9b swamp community Other co-dominants are 
found within the assemblage, and the relatively high species diversil) for this swamp communllV v.as 
eyident. Hov.,.eveL the presence of C lhordorrl7l::a as a dominant component of the assemblage. plus 
the increased number of OCCurrences re<:orded (Legg el al. 1995b) may warrant reVision of the 
community description. The samples la).,en where C. chordorrhi:a was recorded as an occasional 
species were comparable to releves described by Page and Riely (19851. though slightl] me're 'peclcs 
rich 
,1 
The general structure of the vegetation assemblage whcrt: C chordorr}lI::a w~ dominant suggesb rhJ( 
it is experiencing intermediate lntcn'>ltIC'> of environmental ~trcss Primary productivity e':>tlmJtc ... for 
V\estern European v.ctland ..... run. for example, from 125 to 250{) tum '_\r for v.dIJnd" Ullmlnalt.'U 
respectively by A101ifllo caeru/ea (L.) Moench and Phr(j,~"nllrL)\ aus/ralis (Cd\ ) Tnn. t."\ Skudt'l (llore 
1983). Standing crop estlm3.1L'"S for the assemblage containing C chordorrhco 3rL' at the lov.cr L'nLi llt 
this range, perhaps reflecting the slight naturL' of the species. Its dL,mlnancL' ","Ithln lhL' \cge(,Hll'n. dnd 
the relatively 10v. productiVity of poor-fen \egetatlon generally (Cadbury and (HJCL' Il},i..;"\ ) Thc-.,c 
factors are consl,tcnt v. ith the findings of Hills el al. (1994, and f1 rJ Is & ~ I urrh\ I I 'l'l(, ) v. here 
I-J 
.c 
'J. 
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primar:- established phase strategies relating to stress tolerant capacity were predominant within 10\.-\ 
nUlrient European ",etlands, A lower total biomass value for ramets of C chordorrhiza sampled 
~uring August 1998, than for the average 1999 values data may relate to the ear!t:JT1aturity of the 
'I ;pecies (Legg el 01. 1995a). This characteristic, along with the relatively low nutrient levels at station 
7 arc also indicative of in~ermediate levels of stress being prevalent driving factors, In addition, more 
reducing conditions ma)~elp explain the dominance of C chordorrhiza, and also the absence of any 
strongl, competitive species such as A 'lalani/era, A greater overall degree of water table fluctuation 
and lo\'.cr nutricnt status may explain the restricted nature of species with strong competitive 
(apJ.cltl~"". and also th4..: higher overall spccie~ dlvcr .... lty at ~tation 
The redo\ \alues recorded were generally low enough to suggest anoxic soil conditions, with reduced 
availabilil\ of nilrate, and v.ith the appearance of manganous and ferrous ions, but not low enough for 
Ihc disappearance of sulphate or appearance of methane in quantity (Laanbroek 1990), A slight 
\anation In lhese factors across the lnvertromie Fen may contribute to limiting the spread of C. 
chordorr!"ca Legg CI of. (1995b) suggest that the species has the capacity to spread fast via rapid 
,hoot elongation follov.lng favourable winter conditions (flooding, which prevents soils from 
treellngt The observatIOn of such conditions ",ithin the Insh Marshes might suggest that the species 
may ha\~ a narrov. ecologIcal niche. restricted by subtle v.-aler table and redox dynamics. and not by 
dlSpcroal capacity, Howeyer, Legg el al. (1995b) also suggest that the species may have spread more 
rapldl, dUring the last half of the 20'h century, Therefore, future assessments of spread and! or decline 
relatl\c to Ihls 1995 baseline surve, ",auld be sensible, Comparable communi!) assemblages, which 
dltTer only b, the ahsence of C chorJorrhcQ, arc detailed by Page and Riele; (1985), They also 
de<;cnbe three maIn ph~ losoclologlcal groups containIng the species. One of these groups consists 
'loki} of the colonlc\ I()und at the h~d of Loch NaveL where C. chordorrhlza is generalty less 
abundant A senSIble progressIOn would be to In\estlf'.3te and compare the groundwater regimes 
hc.:tv.ccn [he communlllc~ contaIning C (/wrdorrhcQ and those not contaIning the species. Similar 
InH·...,tlgatILlnS v,lthin the lTlaln ph)t(l\{)clo\oglcal group'" dcscribed could also be informative. In 
addlllon [_egg e( ill (199')')) found thdt mnrphologlcal \ariation (and hence potential variability in 
...,ur\l\al L..1Pd\...lt! lin ( (h(Jrti(JrrIJl:u \\;1..., relaled to Incrca"l'd Inundation during expenments It would 
be of interest to investigate the degree of morphological plasticil\, and of measured Iralts between 
field populations within the three phytosociological groups defined As Legg el al. (1995b) state, it 
seems unlikely that C chordorrhiza could survive extended periods of inundation, Ho"ever, more 
studies are required to clarify the ecological range of the species, in nonhern Europe, 
The environmental parameters which influence the section of Inverlromie Fen where C chordorrhi:a 
is present as the dominant species appear to relate to specific factors of stress, including mildly anoxic 
hydrosoil and shallow inundation during the growing season, which may also help explain the specific 
community assemblage, The findings may be used as gauges for future surveys of the distribution of 
the species, The verification of these inferred controls would benefit ITom further sampling, and could 
form a useful tool for the conservation of this rare and restricted species, 
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Table 1 FlOrIStic table sho"ing the frequency (F) (and abundance) of plant species associated with the 
presence of Cart:x chordorrhi:a at stations across Invertromie Fen. Figures represent four successive 
I samples taken \1ay-August. 1999. I = 0-20% F: II = 21-40%: III = 41-60%: IV =-<i:L-80%: V = 81-
100%. Figures represent single sample, August 1998: and four successive samples taken MaY-August, 
1999 Establ"hcd phase s,trategies (Ien\ll Grimc et 01 
C (horJorrnc.u; - = dbcriPtion not available. l= 
(disturbance tolerator). 
Station I 
1988) for species recorded in assemblage with 
compctitior: S= stress tolerator: R= ruderal 
Station 7 E::stablishcd phase 
SpeCIes 1998' 1999 1998' 1999 strategy 
Agrostl' ,tolomjera I (I) CR 
Angelica I.VIVt!HTJ.\ I (I) ClCR 
Colrha palu,rT/5 11 (4) S/CSR 
Cafliergon slramlneum I (I) 
Cardomlnt" pralc:n'.l) I (3) R/CSR 
Curer.: chordorrlll:a I (2) \ \ (4) 
Curer JlOndra 11 (2) I (I) 
(·UTer.: nt'ZTCl V II (2) I (3) S/SC 
<- '0((', (JOnll.. ('u I (2) 1(1) S 
(are);. rO\{rufd 1 (1) 1(1) 
crt/ODIUm rU/u~lrc 1 (2) S/CSR 
E4111~('rllm flul-wlde 111 III (4) 1(2) SC 
Erl(){Jhllrum .Jr/~!/I\!III)lllim I (3) S 
(,uilum o(liUI/r( 1(2) CR/CSR 
!loh"lIl/unor!J\ IV I (3) CSR 
f, Ij,JlIi •. / iJr\t'r/\/\ 1(1) CSR 
\f, '1. \ 'rJto/w'a v 11 (2) 11 1(2) S/SC 
\f",,'II,,1 , UI'rult'O 1(1) SC 
Pedicular is palus!ris 1(2) 1(1) 
Po!amoReton polYRonijoliu.\ V IV (4) 
Potent ilia palustris III 11(2) III (4) S/SC 
Sphagnum cuspidatum III (2) 
Sphagnum palustre II (I) 
Sphagnum squarrosum V V (4) 
Valeriana officinialis 1(3) CSR 
Viola palustTil IV II (4) S/CSR 
II 
I 
I.; 
C 
'l-: 
..... , 
Table 2 Average va lues (:!:Standard error) for measured traits of C chordurrhiza from a whole ramet. 
Figures repre,ent single sample, August 1998; and four successive samples taken May-August, 1999. 
I 
I' 
Measured species trait per ramet 1998 1999 
II 
Height of plant (cm) 32 26 (±2.9) 
~umber of leaves 4 (±D.2) 
C anop) area (%) 53 (±53) 
~umber of reproductive structures 2 (±D9) 
Stem biomass (mg) 80 79 (:':35) 
1 otal leaf biomass (mg) 160 34 (:':94) 
Reproductive structure biomass (mg) 35 5 (±19) 
Total biomass (mgl 310 118 (:':42) 
SpeCific Ical area (cm'/mg) 0] I 0.39 (±D23) 
Table 3 Average values (±standard error) for collective vegetation \3rJ3blc':> measur,-'u for assembla~e 
containing C. chordorrhiza population. Figures represent single sample, August 1998: and four 
successive samples taken May-August. 1999. 
Collective vegetation variable Station I Station -
1998 1999 1998 1999 
Species richness (5) (m-) 13 14 (:':16) 7 (:': 1.3) 
Stem density (m 2) 1033 1133 (±354) 1]67 1333 (±155) 
Canopy height overall (cm) 27 18 (±49) 20 19 (:-4 41 
Litter cover (%) 50 I (±I) 10 5 (:-20) 
Density reproductive structures (m'l 425 (:':183) 425 (:-1341 
Stem diameter (mm) ]2 (±DS) 2 (±D4) 
Biomass total (g/m') 131 403 (=39) 87 417(=1741 
Necromass total (g/m') 10 77 (:,:66) 86 1731=173) 
Standing crop total (g/m') 141 480(:':88) 173 590(=1061 
,I 
I 
fahle 4 (a) One Wil) ANOVA bel ween station\ for Illean (he) valLlc\ <lCrt", Invcrtrolll,e I'en Iran\ell I '''Lire r' .. I' .. 
t:> ... t.:prt.:"t.:nt ()ur \lICu:..,...,!\-!;.: \<I1l1pll.., I,i~cn \1.1> 
August. 1999 (1998 ligures also shown for station 7, with (. (huldolli,,:ul. '10& v,duc\. ililTercnl \Llper"r,'pl 1"II"r\ r"pr"\"nl 
I... I... I... I... \. "ignirll~ull ul! !crcnli.:\ 
between groups (by lukey le,h) (0) Kruskal-Wallacc tl'~t hctwL'cn ';{atioll\ for non-parametric Yor!ahk ... , ,hm\\ng median \J\Ul''\ 
l'lgUfC'I rl'\",fl'\t.:nl \'Il);1L: 
'Jmple for August 199R (ncepl 'July and August): and four ~lI(u:,\ivl' "ampll' .... laken r\kl:.-AuglJ'''\, \tNt} 
(a) 
Variable 
I' 
1998 1499 
Waler lable lewl (em) -2 (+0 9)' 4 (.t09)'" II (! Il 7)" 9 (+07)" 11 (+201" 11 (+0 R)" 8 (+ 5 II)' 4 (+1l4)' '11001 
Maximum water table levc-I (em)'1' I (±O 7)' 7(,07)'" 16 (to)" 13 (±O 4)" I R (±41)" ) 3 «117)" 21 (t] 1)' S (-t 1 ~ \,\1'. () ()(l~ 
Minimum water tahle level (em) -7 (±O 4)' 4 (± 1 5 )<. 12 (+08)" K (! 1())" 11 (+4.0)" 1 II I + I 0)' 4 I + I III' 1 (q) ~\),j n()) 
Interim fluctuation (em) 8 (±O 8) 1 (to 9) 4 (to 9) 5 (+ 1 2) 7 1+1 7) 3 (t I ,) I R (+ ~ 1)' 5 (, () li 
Redox pOlenlial (mV) '87 (±69) -6 (±7) + 52 (+ 21) -17 (+28) '4 (+ 1 9) 
-72 (~~7) -In 
_)\1 +h 11 
pH 57 (±O 1) 5 7 (±O I) (, 2 ( I 0 1) 6 I (±O 1) I 7 (,02) \ 4 (to I) 71 h () t-+:O II 
Conductivity ()..1SkTll)'" 205 (±38) (98(±38) 2·14 1+·\3) 195 (U7) 201 (±m 3111'14) 1114 ~q (<..lh) 
Mg(mg I') 0.98 (±090)' 2 58 (±006 r 1.95 (to.1I4)'" 2.41(+011), 1 41 (to 07)'" 2 \11 (til 17)' :'.27 244 (+11 1/» !lO(l\ 
Ca (mg 1'1) 3.93 (±O 14)' 847 (±0.17)b 946 (.+0 17)" 8.74 (1047)" 5.11 (±O 15), 10 lJ (to 75)" 561 9R2(f031)" 011111 
,I 
Na (mg 1") 4.80 (±044)' 706 (±0.09)'" 7.68 (+0.13)" 7.52 (±O 19)" 602 (±O 30)'" 7.12 (10.26)· 589 707 (+0 37)" - () 02 
Chloride (CI) (mg 1") 1005 (±O 55)'" 6.79 (±OSI)' 14.45 (to 85)" 1573 (to (7)" 10 89 (±O 93)'" 12 51 (+0 84 )". 9)\6 ('0 ':;4)"~ I)OU" 
(b) 
f' 
1998 1999 
Fe (mg 1-') 009 <001 ,0 01 <0.01 1101 ·001 o 49 t ,001 n, 
Mn(mg( I) 0.17 0.05 009 '0 01 00.1 ,001 ·001 ' ·001 '" 
,,(mgl I) 071 0411 I 17 098 1 12 II ()7 24"\ ! 1 28 1I1i.1 
Fluoride (F) (mg (-I) , 0.02 ·002 ,0 02 ·002 ·002 1161 1I6K 
Nitrate (NO,) (mg 1 I) 0.06 0.02 0.05 009 004 0112 O()'! lI115 
II ·17 20\ I 117 061 I (IX 111111\ Sulphale 1,0, ) (mg I') 041 012 
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Stalion Number 
h~ur" I\\l'["ce' "atcr t.lhk level, (±,el relative te) ground ,urface across Tromie Fen transect (Insh 
\1J"h~,) ,ample ,1""ell1' lal Ili'iS (Iulv ,!I)d Auguq 'Jmple,): (b) I'N9 (\JJ\.August samples) 
